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XVI Summary

VIII Summary

Developing skilful predictions of future river flow in International River Basins is important for
economic, political and societal applications of the riparian states. In particular are such predic-
tions crucial to aid water management expressed in a transboundary water allocation agreement.
Due to climate and land use change and already experienced hydrological extreme situations,
both droughts and floods, the prediction of seasonal river flows has been a topic of increasing
interest. As data scarce regions will be most affected, the study analysed the skill of open source
gridded climate datasets to model stream flow with the objective to evaluate the vulnerability of
stream flow allocations. The transboundary river basins Kunene, Upper Niger and Upper Jordan
served as case studies for this research. First, the study compared the spatial and temporal
anomaly and correlation of precipitation between (1) the ERA-40 reanalysis data and (2) the
CRU TS 2.1 interpolated data in the selected basins for the years 1958 - 2001. Second, the cli-
mate data served as input data to a simple bucket model operating on a monthly time step and
the IHACRES rainfall-runoff model operating on a daily time step.

Results show that the climate data vary considerably in precipitation amount and regime as well
as their correlation is neither constant in space nor in time. Rainfall-runoff modelling on a
monthly time step illustrates the dissimilarities of the climate data sets resulting in mean differ-
ences of simulated flow up to 43 %. The simulation of the discharge regime resulted in a mean
monthly underestimation of low flows up to 60 % and an overestimation of mean monthly low
flows up to 350 %. Mean monthly peak flows are underestimated by maximal 40 %. Modelling
on a daily time step was unsuccessful. This error range was compared with the existing terms of
transboundary water allocation commitments in the selected transboundary river basins. The
conclusion of this study is that while the mechanisms of water allocation agreements differ
widely, predictions of the vulnerability of stream flow allocations will require accurate models
which depend primarily on reliable climate input data. Gridded climate input data and the ap-
plied hydrological method provide unsatisfying results in regard to the evaluation of the vulner-

ability of stream flow allocation agreements in International River Basins.

Keywords: international river basin, water allocation agreement, vulnerability, gridded climate
data, IHACRES, simple bucket model
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IX Zusammenfassung

Die fachkundige Vorhersage von zukiinftigen Abflussmengen in internationalen Flusseinzugs-
gebieten ist speziell fiir wirtschaftliche, politische und gesellschaftliche Anwendungen der
Flussanrainerstaaten von Bedeutung. Auf Grund von zwischenstaatlich vertraglich geregelten
Wasserliefermengen sind solche Vorhersagen insbesondere fiir die Wasserwirtschaft von ent-
scheidender Relevanz. Durch den Klima- und Landnutzungswandel sowie durch bereits erfah-
rene Extremereignisse wie Diirren und Hochwisser, gewinnt die Vorhersage der saisonalen
Abflussmengen an immer groferer Bedeutung. Da insbesondere diejenigen Gebiete in denen in
der Vergangenheit wenig hydrologische Daten erhoben wurden am stirksten von den Auswir-
kungen des Klima- und Landnutzungswandels betroffen sein werden, untersuchte die vorliegen-
de Studie die Eignung von frei verfiigbaren Raster-Klimadaten in der Abflussmodellierung, mit
dem Ziel die Vulnerabilitit von zwischenstaatlichen Vertrdgen in Bezug auf garantierte Ab-
flussmengen zu beurteilen. Dabei dienten die internationalen Flusseinzugsgebiete Kunene, Obe-
rer Niger und Oberer Jordan als Fallstudien.

Zuniéchst verglich die vorliegende Studie raumliche und zeitliche Unterschiede und Korrelatio-
nen von zwei Raster-Niederschlags-Datensédtzen. Dabei handelte es sich (1) um die ERA-40
Reanalyse-Daten und (2) um die interpolierten CRU TS 2.1 Daten. Der Vergleich erfolgte in
den ausgesuchten Flusseinzugsgebieten fiir die Jahre 1958 - 2001. Des Weiteren dienten die
Klimadaten als Eingangsdaten zu einem monatlichen Speicheriiberlaufmodell und dem auf tig-
lichen Eingangsdaten basierenden IHACRES Niederschlags-Abfluss-Modell.

Die Ergebnisse zeigen, dass die Rasterdaten sowohl in Niederschlagsmenge und Niederschlags-
regime als auch in ihrer rdumlichen und zeitlichen Korrelation erheblich variieren. Dies spiegel-
te sich ebenfalls in der monatlichen Niederschlags-Abfluss-Modellierung wider, welche mittlere
Differenzen des simulierten Abflusses von bis zu 43 % aufweist. Die Simulation des mittleren
monatlichen Abflussregimes fiihrte von einer 60 % Unterschitzung der Niedrigwasserabfliisse
bis hin zu einer Uberschitzung von 350 %. Mittlere monatliche Spitzenabfliisse wurden bis zu
40 % unterschitzt. Die Modellierung auf Grundlage von Tageswerten blieb ohne Erfolg. Die
erhaltene Schwankungsbreite der mittleren monatlichen Abflusswerte wurde mit den vertraglich
geregelten Wassermengen in den internationalen Flusseinzugsgebieten verglichen.
Schlussfolgernd kann festgehalten werden, dass zwar die vertraglichen Moglichkeiten der Zusi-
cherung von Wassermengen sehr variabel sind, Aussagen iiber die Vertragssicherheit in Bezug
auf Abflussmengen jedoch priazise Modellierungen voraussetzen. Diese Modellierungen sind
wiederum hauptséchlich von der Qualitit der zur Verfiigung stehenden Eingangsdaten abhén-
gig. Raster-Klimadaten und die angewandte hydrologische Methode liefern unzufrieden stellen-
de Ergebnisse in Bezug auf die Beurteilung der Vulnerabilitit von vertraglich zugesicherten

Wassermengen in internationalen Flusseinzugsgebieten.

Schlagworter: Internationale Flusseinzugsgebiete, vertraglich geregelte Wassermengen, Vulne-
rabilitit, Klima-Raster-Daten, IHACRES, Speicheriiberlaufmodell



XVIII




Introduction 1

1. Introduction

1.1 General Introduction

As earth’s fundamental natural resource, freshwater has various functions and is needed in all
aspects of life. Freshwater serves as drinking water for humans and animals, is needed for sani-

tation issues and is vital to ecology, agriculture, economy and transport.

Compared to other natural resources, water is not stationary and does not respect administrative
borders. Thus drainage basin’s boundaries are not necessarily identical to political boundaries
resulting in the existence of International River Basins. Within the basin, (surface) water can be
distributed unequally which might lead to conflict among the riparian states about transbound-
ary waters especially surface waters (Wolf et al., 2003a). To prevent conflict and to manage the
existing natural resource adequately, the partition of river flow can be regulated by bilateral or
multilateral water allocation agreements (Matthews & St. Germain, 2007).

Faced to climate and land use change, population growth, rising water demand, urbanization
and pollution, the existing water resources are under pressure (Kundzewicz et al., 2007; Bates et
al., 2008). The competition over water quality and quantity of the shared water resources will
increase in future and might result in conflict between different sectors on the one hand and
riparian states on the other hand (Giordano & Wolf, 2003; Lange et al., 2007). Therefore, the
sustainable integrated basinwide management of transboundary water resources especially un-
der the consideration of climate variability and unstationarity due to climate change (Minville et
al., 2008) is crucial to avoid and to resolve conflict among water users (Kundzewicz et al., 2007;
Goulden et al., 2009; Harou et al., 2009).

Due to different economic strength, social vulnerability and institutional capacity, the riparian
states of International River Basins differ in their capacity to adapt to changing water availabil-
ity and demand as well as to extreme climate events (Goulden et al., 2009). In particular, semi
arid to arid areas are affected by climate change expressed in a decrease of water resources
(Kundzewicz et al., 2007) and by a small adaptation capacity (Goulden et al., 2009). Addition-
ally, inadequate information and data scarcity about existing and future water availability and

water demands hinder effective water sharing in those regions (Draper, 2007).

1.2 International River Basins and Water Allocation Agreements

In 1967, the International Law Association defined in Article 2 of the ‘The Helsinki Rules on
the Uses of the Waters of International Rivers’ the term ‘International Drainage Basin’: “An
international drainage basin is a geographical area extending over two or more States deter-
mined by the watershed limits of the system of waters, including surface and underground wa-
ters, flowing into a common terminus” (International Law Association, 1967). Frequently ap-
plied synonyms of International Drainage Basin are International River Basin, Transboundary

River Basin or Transboundary Drainage Basin.
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Wolf et al. (1999) identified 261 rivers flowing into the ocean or a terminal lake with at least
one perennial tributary belonging to two or more states. Those watersheds cover an area of
45.3 % of the land’s surface (excluding Antarctica) (Wolf et al., 1999). 40 % of the world’s
population depends on transboundary waters (Draper & Kundell, 2007).

From an international point of view the riparian countries of an International River Basin are
equal sovereigns which results in the exclusive use of natural resources within the own national
territory. In contrast, legal principles require equal share of transboundary water resources and
the sustainable management of the river basin. Thus, treaties according to water quantity and
quality, administrative structures as well as geopolitical institutions like river basin organiza-
tions have to be created (Matthews & St. Germain, 2007). These processes are called hydro-
politics. The risk of political dispute over the shared waters is defined as hydropolitical vulner-
ability (Wolf, 2007). Water quantity is considered as a mayor point in conflicts (Matthews & St.
Germain, 2007). Almost 90 % of conflictive water events are related to water quantity and in-
frastructure (Wolf, 2007).

To prevent water conflict, in the years 1950 - 2000, 157 treaties have been negotiated initiating
institutional agreements to cooperate (Wolf et al., 2003a).
Related to water quantity Draper & Kundell (2007) identified five water sharing strategies:
1) Priorities of use according to specific water demands (e.g. agricultural, municipal)
2) Limitations placed on water storage by the upstream riparian
3) Delivery of a specific quantity of water by the upstream party at a particular location
4) Division among the parties according to a certain percentage of the flow at a particular
location
5) Allocation of water according to a predetermined objective function (Draper & Kun-
dell, 2007) (e.g. equal benefit in hydropower generation (Wolf, 2007)).

With regard to treaty formulation the hydrological conditions in quantity and variability have to
be represented (Draper & Kundell, 2007). However, the majority of water allocation agree-
ments does not include regulations for extreme hydrological conditions as droughts and floods
(Stahl, 2005). Furthermore, they ignore the hydrological variability of river flow (Giordano &
Wolf, 2003) whose consideration would be able to increase the efficiency of water allocation
agreements (Ansink & Ruijs, 2008). The majority of recently signed treaties considers only
floods and not droughts (Drieschova et al., 2008) and Ansink & Weikard (2009) stated that
contested water rights impede water trade due to overlapping claims to water as a scarce re-
source. In general, riparian countries based their initial position in water allocations on hydro-
graphy or chronology of use (Wolf, 2007) as well as irrigation needs or historic use (Ansink &
Weikard, 2009). Especially upstream riparian countries favored the Harmon Doctrine, arguing
“that water rights originate where the water falls” (Wolf, 2007). In arid regions treaties were

signed according to agricultural and human needs (Wolf, 2007).
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1.3 International River Basins and Water Allocation Agreements — Review

In literature, a wide range of research on International River Basins relating to conflict and co-
operation exists and different approaches can be identified. Social and political science dis-
cussed international and regional water law (e.g. Zaag van der, 2009), international transbound-
ary water management (e.g. Giordano & Wolf, 2003) and analyzed water allocation agreements
(e.g. Drieschova et al., 2008) as well as their adaptation to climate change (e.g. Draper & Kun-
dell, 2007; Ansink & Ruijs, 2008). They analyzed a particular transboundary river basin (e.g.
Sneddon & Fox, 2006; Lange et al., 2007) as well as conflict and cooperation in International
River Basins in general (e.g. Wolf et al., 2003a; Wolf et al., 2003b). The applied methods ranged
from descriptive (e.g. Sneddon & Fox, 2006), to empirical (e.g. Stahl, 2005), to theoretical ap-
proaches like game models (e.g. Ansink & Ruijs, 2008). Whereas, economics and hydrology
applied hydroeconomic modelling approaches (e.g. Juizo & Lidén, 2008).

Various studies analyzed treaty stability, conflict and cooperation in one selected International
River Basin delineating the past and current situation by focusing on conflict. In recent years,
studies used a more general approach. The Transboundary Freshwater Dispute Database
(TFDD) (http://www.transboundarywaters.orst.edu) merged event data of conflict and coopera-
tion, social data like population density and physical information like national and watershed
borders, as well as climate on the river basin scale. This offers the possibility to link water rela-
tions to political, socioeconomic and physical information in general as well as chronologically
(Yoffe et al., 2004).

Applying the TFDD, Wolf et al. (2003b) used an empirical approach to identify International
River Basins with the greatest risk of conflict in the next five to ten years (named as ‘basins at
risk’). The analysis was based on observed conflict and cooperation events between riparian
states worldwide in the years 1950 - 2000. A BAR scale provided clear definitions and gradua-
tions of different levels of conflict and cooperation. They drew the following conclusions: (i)
basin wide networks and river basin organizations attenuate conflict, (ii) internationalization
and unilateral basin development like. dams are the only stand alone parameters which might
result in conflict, (iii)) widely assumed conflict parameters like climate, democracy and eco-
nomic development have to interact to result in conflict, (iv) the development of new technolo-
gies as well as new river basin management concepts might invalidate their empirical approach
for future predictions (Wolf et al., 2003b). Opposed to Wolf et al. (2003b), Wolf et al. (2003a)
applied relative frequency distributions of conflict / cooperation levels based on basin country
polygons (country’s share of an International River Basin) instead of basin-wide averages of
conflict and cooperation. They concluded that the frequency distribution of events depends on
the climate region. In arid and semi arid regions the relative frequency of most conflictive
events was significantly higher compared to random samples, low for neutral to slightly coop-
erative events and high for most cooperative events resulting in neutral when averaging all
events. Stahl (2005) used a classification tree model to classify International River Basins ac-
cording to conflict and cooperation. The root node was an index of aridity and Stahl (2005)
identified a greater number of conflictive events on the arid part of the classification tree con-
firming the importance of annual precipitation as well as its seasonality in the evaluation of

conflict and cooperation in International River Basins as stated by Wolf et al (2003a). There-
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fore, the examination of the vulnerability of stream flow allocations especially in semi arid to
arid regions is of great importance.

Though, those regions are faced to data scarcity. Stahl (2005) emphasized the importance of
river discharge in conflict analysis as hydro climatology datasets may not represent river flow in
quantity and in temporal distribution as well as water quality and anthropogenic influences (e.g.
dams, irrigation systems) and pointed out the problem of data availability. Consequently, the
inclusion of river discharge data in the evaluation of the vulnerability of water allocation
agreements is essential. One possibility is the consideration of global grid water resource data
e.g. modelled under the consideration of human water consumption (D6l et al., 2003) as well as
under the consideration of crop growth, reservoir operation and environmental flow require-
ments (Hanasaki et al., 2007).

Beside the evaluation of river discharge, the water allocation agreement itself is essential con-
sidering the vulnerability of water allocations in International River Basins. Drieschova et al.
(2008) identified the current employed strategies in water allocation agreements to cope with
flow variability. These were percentage flow allocations, infrastructure to regulate flow, coop-
erative institutions, data exchange and advance warning systems. They stated that the mayor
challenge in treaty formulation is to balance treaty flexibility and enforceability.

Especially, the consideration of future treaty vulnerability gained in importance. Up to now, this
was done generally. Drapper & Kundell (2007) specified the adaptability of different water
agreements types to climate change classified by geographical region. They concluded that fu-
ture challenges are the unknown quantity and timing of discharge because current water alloca-
tions are based on past flow records which become invalid under the aspect of land use and
climate change. A further method to analyze the influence of climate change on water agree-
ment’s stability is the application of game theoretic models with the help of sharing rules as did
Ansink & Ruijs (2008). They concluded: (i) a decrease in mean river flow lowers the stability of
an agreement, (ii) an increase in variance of mean river flow can either have a positive or a
negative effect on treaty stability, (iii) the stability of a water allocation agreement is highest for
fixed upstream allocation followed by proportional allocation and lowest for fixed downstream
allocation (Ansink & Ruijs, 2008).

To test and to simulate the compliance of water allocation agreements hydroeconomic models,
combing hydrological conditions and economic, social and environmental aspects, are applied.
Therefore, rainfall runoff models, historical or stochastic stream flow time series are linked to
system analysis tools (nodal networks) which model anthropogenic systems (dams, water distri-
bution networks etc.) and water distribution rules are applied. The water allocation can be re-
lated to individual users, infrastructure, environment, various sectors as well as nations. The aim
of hydroeconomic models is to minimize costs or rather maximize benefits in terms of inte-
grated water resource management (Harou et al., 2009). With respect to transboundary water
management and transboundary water allocation agreements, hydroeconomic models refer to
the fifth water sharing strategy of Draper & Kundell (2007).

A great variety of system analysis tools exists and has been applied to transboundary river basin
conflicts to evaluate the benefits of different water policies (Harou et al., 2009).



Introduction 5

Medellin-Azuara et al. (2007) analyzed water supply options for environmental restoration of
the Colorado River Basin testing the option of additional Colorado River flow from the United
States applying the CALVIN model. Fisher et al. (2002) used the Water Allocation System
(WAS) model to assist in the formation of water policies of Israel, Jordan and Palestine. Juizo &
Lidén (2008) applied three system analyses tools (WAFLEX, WEAP21, WRYM) to the Umbe-
luzi River Basin shared between Swaziland and Mozambique to simulate different basin devel-
opment scenarios (construction of dams, increasing water demand) for the year 2025 after natu-
ral stream flow was simulated with the Pitman Rainfall-Runoff Model. Lange et al. (2007)
tested a framework for water accounting for the Orange River Basin shared between Botswana,
Namibia, Lesotho and South Africa.

Harou et al. mentioned (2009) that up till now, these approaches are still theoretical and not yet
put into practice. Problems arise due to high data requirement and high uncertainties (Harou et
al., 2009). This incapacitates hydroeconomic models for a fast and easy transferable evaluation

of the vulnerability of stream flow allocations.

1.4 Objectives

Considering the evaluation of the vulnerability of stream flow allocations regarding the pre-
sented literature the following conclusion can be drawn:
Skilful predictions of river flow in International River Basins are important for economic, po-
litical and societal applications of the riparian states and in particular for water management
expressed in a transboundary water allocation agreement. As data scarce regions will be most
affected by climate and land use change, the study analyzed the skill of open source gridded
climate datasets to model stream flow with the objective to evaluate the past, present and future
vulnerability of stream flow allocations.
This was achieved in three steps with their respective questions in the International River Basins
Kunene, Upper Niger and Upper Jordan.
1) Analysis of the spatial and temporal anomaly and correlation of different gridded pre-
cipitation datasets.
2) Modelling of stream flow on a daily time step and on a monthly time step applying
gridded climate data - raising the following key questions:

— Is it possible to model stream flow with open source gridded climate input data
on a monthly and on a daily time step?

— If there are differences between the climate datasets what are their impacts on
the modelling results?

— Does an optimal input data — model combination exist?

3) Comparison of the gained modelling results with existing terms of transboundary water
allocation commitments - raising the following key questions:

— Is it possible to judge the past, present and future vulnerability of stream flow
allocations with open source gridded climate input data from a hydrological
point of view?

— Does the choice of the climate input dataset and the choice of the model impact

the evaluation of the vulnerability of water allocation agreements?
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— What kind of water allocation thresholds referring to amount, variability and

time step can be represented by the selected hydrological method?
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2. Study Areas

For the identification of a river basin suitable for a case study, I established three main case
study selection criteria: (i) Open source input data to be able to transfer the methodological
framework to as many river basins as possible. (ii) Existence of a water allocation agreement
and (iii) a minimum of discharge control structures to facilitate the modelling of stream flow.

Based on the listed case study selection criteria the Kunene River Basin was chosen as a first
case study. The Jordan River Basin and the Niger River Basin followed. The choice of the latter

was not primarily based on the selection criteria.

2.1 The Kunene River Basin

2.1.1 Geography

The Kunene (Cunene) River Basin (Figure 1) covers an area of about 110,000 km? (TFDD,
2007) stretches out over 1,050 km and has an average elevation above mean sea level of
1,900 m (Heyns, 2003). Angola shares 86.68 % of the Kunene River Basin, Namibia 13.32 %
(TFDD, 2007). The source of the Kunene River is located in south-western Angola in the Sierra
Encoco Mountains near Huambo (Heyns, 2003). Flowing southward the river turns westerly at
the Ruacana Falls. Henceforward, the Kunene River marks the national border between Angola

and Namibia at a length of about 340 km before reaching the Atlantic Ocean at Foz do Cunene.

2.1.2 Climate

In the Angolan headwaters of the Kunene River Basin mean annual precipitation is about
1,200 mm decreasing from North to South (Matala 600 mm; Ruacana 200 mm). According to
the Koppen-Geiger climate classification climate is referred to as Cwb (temperate — dry winter —
warm summer). The Namibian part of the Kunene River Basin belongs to BSh (arid — steppe —
hot) / BWh (arid — desert — hot) climate (Peel et al., 2007) with mean annual precipitation rang-
ing from 200 mm in the East to about 30 mm at the coastal plain in the West (Oldenborgh van,
2009).

2.1.3 Transboundary Freshwater Resources

The discharge at Ruacana averages 5.5 km®/a including a high seasonality (BfG, 2009). The
lower reaches of the river are almost waterless at the end of the dry season. Through the con-
struction of the Kunene River scheme (section 2.1.4), including a hydroelectric power station
and several dams, the river flow should be regulated (FAO, 2005).

The FAO AQUASTAT Database (FAO, 2005) points out that 86.4 % (39.3 km?/a ) of Namibi-
ans natural renewable freshwater resources are transboundary. 11.6 km?®/a of transboundary
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surface water is underwritten by treaties, yielding to a dependency ratio (ratio of actual external
renewable water resources guaranteed trough treaties and total actual renewable water re-
sources) of 65 % (Angola 0 %). These numbers indicate the importance of transboundary waters
to Namibia. At the Kunene River 0.185 km?/a of 5 km?/a of natural available water is guaran-
teed trough treaties (details section 2.1.4). This water supply is essential to the 700,000 people
living in Northern Namibia. The highest water demand is in October, which conforms with
minimum flow in the Kunene (FAO, 2005).

12°0'0"E 13°0'0"E 14°0'0"E 15°0'0"E
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Figure 1: Map of the Kunene River Basin (dams refer to Heyns, 2003; FAO, 2006; Tarr, 2007
validated via Google Maps; Kluge et al., 2008), (satellite image: Map Maker Trust, 2007).

2.1.4 Water Allocations

The riparian countries in the Kunene River Basin concluded four mayor agreements related to
water allocations in the years 1926, 1964, 1969 and 1990.



Study Areas 9

In the following section I will point out the mayor subjects related to water quantity determined

in these agreements.

In July 1926, Portugal and South Africa regulate the use of the water of the Kunene River con-
cerning irrigation and hydropower. Preconditioning a water schema, Namibia has the right to
use half of the flow (Heyns, 2003). Followed by an agreement in 1931, expressing the supply of
drinking water to the inhabitants of Ovamboland (Southern Angola / Northern Namibia) for
drinking and cattle (TFDD, 2007).

In January 1969, Portugal and South Africa sign the “Agreement between the Government of
the Republic of South Africa and the Government of Portugal in regard to the first phase of
development of the water resources of the Cunene River Basin” in pursuance of “The Agree-
ment between the Government of the Republic of South Africa and the Government of Portugal
in regard to rivers of mutual interest and the Cunene River scheme” signed in October 1964
declaring equitable share of the international water resources for an optimum of benefit within
the available quantity of water including other international river basins as Okavango, Incomati
and Limpopo (Heyns, 2003).

2.1.4.1 The Cunene River Scheme

The agreement establishes the Permanent Joint Technical Commission (PJTC) “to study and
report on matters relating to the present Agreement” (article 2.2). A mayor point is “the regula-
tion of flow of the Cunene River” (article 1.2). In view of water quantity, the following sub-
items are arranged (South Africa & Portugal, 1969):

— Construction of the Gove dam (article 4.1) to improve the generation of hydroelectric
power at Matala and to begin “irrigation and supply of water for human and animal re-
quirements in the middle-Cunene”. Based on the financial participation of South Africa
and the planned generation of hydroelectric power at Ruacana, “Portugal agrees not to
abstract more than 50 per cent of the resulting regulated flow of the river which [...]
shall be taken as 80 m?*/s at Ruacana” (article 4.1.11). This value can be adjusted when
hydrological analyses are available.

— Construction of the Calueque dam (article 4.2) “in accordance with the requirements of
the power station to be built at Ruacana” including “a scheme at Calueque for pumping
water from the Cunene River to supply water for human and animal requirements in
South West Africa and initial irrigation in Ovamboland” (article 4.2.1). The abstracted
water is “limited to one half of the natural flow of the river at the point of abstraction
during that week, subject to a maximum pumping rate of 6 m*/s” (article 4.2.2). After
further negotiations between Portugal and South Africa, the amount of abstracted water
can be augmented “when the regulation of the river justifies this, and in keeping with
the mutually agreed best joint utilization of the river” (article 4.2.3).

— Construction of a hydroelectric power station at Ruacana (article 4.3) for the supply of
power mainly to South West Africa. “The South African authorities shall [...] have the
exclusive use in perpetuity of the flow of the river regulated by the dams of the first
phase, from the upstream limit of the Ruacana diversion weir basin to below the Rua-
cana power fall” (article 4.3.4).
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After the Namibian declaration of independence in 1990, Angola and Namibia affirm the
agreement of 1969 (Heyns, 2003; Meissner, 2003) in the “Agreement in regard to the develop-
ment and utilization of the water potential of the Kunene River” (FAO et al., 2008) with the aim
to terminate the Cunene River scheme of 1969 and to develop it further (Meissner, 2003).

2.1.4.2 Realization of the Cunene River Scheme and present situation

Due to the Angolan civil war, the Cunene River scheme of 1969 is not realized entirely as well
as some constructions got damaged as a result of military force (Heyns, 2003). In 1975, South
African troops moved into Angola to occupy the Gove dam and the Ruacana power station tem-
porarily to defend the water resources (Meissner, 2003).

Related to regulation problems and damages at the Gove dam the seasonal river flow is not re-
gulated (FAO, 2005) and Ruacana power station can not work under full capacity during the dry
season (Heyns, 2003; Tarr, 2007). The dams at Matala and Coliu are operating. It is planned to
build an additional dam at the border section to generate further electricity. Because of a high
gradient this river section is important to hydropower generation (Heyns, 2003). At the outset,
Namibia favoured the Epupa site (after Ruacana), Angola the Baynes site (further downstream)
(Meissner, 2003; Bdge, 2005). International and local critique on the relocation of the Himba
(Boge, 2005), ecological damages (Tarr, 2007) and the limited economic resources of Angola
deferred the project at Epupa site (Meissner, 2003). According to Tarr (2007), Namibia has
abandoned Epupa site and favours Baynes site now.

The pipeline at Calueque has a length of 300 km and a capacity of 3.2 m3/s and is planned to be
extended to supply the agreed 6 m*/s (185 M m?¥/a) (Heyns, 2003). Current pumping rates un-
dercut the agreed amount ranging between 47 M m3/a and 63 M m?3/a (Klintenberg et al., 2007).

2.1.4.3 Interbasin relationship

Meissner (2003) noted that the “Kunene River seems to be the antithesis of the traditional as-
sumptions about conflict in international river basins in arid regions“. He mentioned the coop-
eration among the riparian states in regard to the transbasin water transfer to the Cuvelai basin
at Calueque under Namibian authority on Angolan territory.

In contrast, Klintenberg et al. (2007) and Kluge et al. (2008) pointed out that due to economic
and demographic development water demand on Angolan and on Namibian side will increase.
Additionally, Angola has a high irrigation potential in the middle Kunene. Thus, should Angola
decide to use more water themselves, it might lead to conflict between the two governments on
the one hand and water users in the Angolan part of the Kunene basin and the Namibian part of
the Cuvelai basin on the other hand. The difficult political conditions and the claim of various
water sectors amplify the risk of conflict (Klintenberg et al., 2007; Kluge et al., 2008).

Wolf et al. (2003b) identified the Kunene River Basin as a ‘basin at risk’ in the next five to ten

years.
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2.2 The Niger River Basin

2.2.1 Geography

The Niger River Basin (Figure 2) covers an area of about 2,113,200 km?. The main channel
stretches out over 4,200 km. The Niger River Basin is shared by eleven nations (Nigeria
26.59 %, Mali 25.58 %, Niger 23.56 %, Algeria 7.63 %, Guinea 4.54 %, Cameroon 4.17 %,
Burkina Faso 3.93 %, Benin 2.14 %, Ivory Coast 1.08 %, Chad 0.78 % and Sierra Leone
< 0.00 %) whereas the main stream is merely shared by Guinea, Mali, Niger and Nigeria
(TFDD, 2007). The source of the Niger River is located in the Fouta Djallon Mountains in
Guinea. It flows in a north easterly direction traversing the interior plateau towards the Niger
delta in southern Mali. This interior delta can extend over 450 km in length and more than
200 km in width during the flood season. Afterwards, making a bend, the river flows in a south
eastern direction to Niger. Subsequently, the river marks the border between Niger and Benin
before it enters Nigeria and reaches the Atlantic Ocean at the Gulf of Guinea. The Niger River
has several important tributaries. In Guinea the Niandan, the Milo and the Tinkisso River, in
Mali the Fie and the Sangarani River, both rising in Guinea, flow into the Niger River. The most
important tributary in Mali is the Bani River stretching out over 1,120 km rising in Ivory Coast
and Burkina Faso. In Niger the Faroul, the Dargol, the Sirba, the Garoubi and the Tapoa River
and in Benin the Mekrou River contribute to the waters of the main channel. Nigeria has several
important tributaries of the Niger River (e.g. Sokoto, Malendo, Kaduna, Benue). The Benue
River is the mayor tributary rising in Cameroon (Godana, 1985; Shahin, 2002).

2.2.2 Climate

Due to the large extent of the Niger River basin climate is various. In the southern parts along
the Atlantic coast, climate is described as Aw (tropical — Savannah) according to the Koppen-
Geiger climate classification. This is expressed in a monthly mean air temperature above 18 °C
throughout the whole year and precipitation of the driest month less than [100 - mean annual
precipitation [mm]/25] leading to a pronounced dry season (Peel et al., 2007). This precipitation
seasonality is caused by the south eastern anti-cyclone monsoon. In the upper reaches of the
Niger River basin, mean annual precipitation is about 2,032 mm mainly limited to the rainy
season from April to November (Godana, 1985). In the interior northern areas a transition from
BSh (arid — steppe — hot) to BWh (arid — desert — hot) climate can be found (Peel et al., 2007).
Precipitation in the Niger delta is only 254 mm. Turning southwards precipitation rises over
2,000 mm again. Since the 1970, Western Africa is exposed to severe droughts due to declining
precipitation and a shift in the rainfall regime (Dezetter et al., 2008; Owusu et al., 2008).

2.2.3 Transboundary Freshwater Resources

The climate variety is transmitted to the discharge regime of the Niger River. In the Upper Ni-
ger, peak flow is in June and low flow occurs in December. In the middle Niger, maximum dis-
charge values are reached in January, minimum values in April to July. In the lower Niger, low

flow is in April and May and maximum flow occurs in September due to the influence of the
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Benua River having its peak flow in August / September and its low level in March (Godana,
1985). The evolution of the mean annual river discharge can be seen in a discharge profile along
the river. At the Guinean Malay border mean annual discharge is around 31.5 km?3/a (BfG, 2009)
decreasing slightly in the interior parts due to seepage and high evapotranspiration losses in the
delta region (Godana, 1985). Afterwards, discharge increases reaching 78.8 km?a after the con-
fluence of the Kaduna River, 157.7 km3/a after the confluence of the Benue River and
220.7 km?®/a at the river mouth (Shahin, 2002; BfG, 2009).
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Figure 2: Map of the Upper Niger River Basin and the Niger River Basin (small map) (satellite
image: Map Maker Trust, 2007).

2.2.4 Water Allocations

According to the TFDD (2007) one treaty with regard to water allocation in the Niger River
Basin exists. This treaty, negotiated between Niger and Nigeria, covers several transboundary
sub-basins of the Niger River Basin. “Each Contracting Party is entitled, within its territory, to



Study Areas 13

an equitable share in the development, conservation and use of the water resources in the shared
river basins” (article 2). This equitable share is gained by taking factors like rainfall patterns, the
contribution of each riparian state to the rivers water balance, surface hydrology, hydrogeology,
water use, future water use, social and economic development, dependence on the water re-
source and environment into account (Nigeria & Niger, 1990).

2.3 The Jordan River Basin

2.3.1 Geography

The Jordan River Basin (Figure 3) extends over 42,800 km? and is shared between Jordan
(48.13 %), Israel (21.26 %), Syria (11.45 %), the West Bank (7.48 %), Egypt (6.31 %), the Go-
lan Heights (3.5 %) and Lebanon (1.33 %) (TFDD, 2007).

The Jordan River evolves of the Dan, the Hasbani and the Banyas River whose springs are lo-
cated in Israel, Lebanon and Syria respectively at the Southern and Western slopes of the karsti-
fied Mt. Hermon (Rimmer & Salingar, 2006). The 40 km long drainage system above the Sea of
Galilee is called Upper Jordan River and is characterized by a high elevation gradient. The
Lower Jordan River marks the border between Jordan, Isracl and the West Bank respectively
before draining into the Dead Sea. The principal tributary of the Lower Jordan River is the
Yarmouk River. It has its source in Syria, flows westwards along the Syrian-Jordan border and
marks the border between Jordan and Israel afterwards (Elhance, 1999).

2.3.2 Climate

Climate in the Jordan River Basin is referred to as Csa (temperate, dry and hot summer) (Peel et
al., 2007). In the Upper Jordan River, annual precipitation is higher than 1,300 mm at the snow
affected Mt. Hermon and declines sharply southwards. Precipitation is restricted to the wet sea-
son ranging from October to April (Rimmer & Salingar, 2006).

2.3.3 Transboundary Freshwater Resources

The discharge at Obstacle Bridge averages 0.46 km?/a including a high seasonality (BfG, 2009).
The FAO AQUASTAT Database (FAO, 2005) points out that 58 % (1.03 km?®a ) of Israel’s
natural renewable freshwater resources are transboundary (Jordan 58 % (0.94 km?3/a )). The
dependency ratio is 57.9 % (Lebanon 0.785 %, Syria 72.4 %, Jordan 27.2 % and Occupied Pal-
estinian Territory 2.99 %) (FAO, 2005). However, it has to be taken into account that these
numbers are estimated for the entire country and not on the basin scale. The high dependency
ratio of Syria is based on a more important transboundary water resource - the Euphrates.

Elhance (1999) stated that there is a great spatial mismatch of water resources and demand in
the Middle East. Therefore, Isracl completed the National Water Carrier in 1964 distributing
water from the Sea of Galilee which serves as a natural water storage system, to the western
areas (Elhance, 1999). The lake provides 35 % of Israel’s drinking water (Rimmer & Salingar,



14 Study Areas

2006). Jordan constructed the East Ghor Channel as an irrigation system taking water from the
Yarmouk River (Elhance, 1999).
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Figure 3: Map of the Jordan River Basin (satellite image: Google, 2009).

2.3.4 Water Allocations

The “Johnston Negotiations” of 1955 between Israel, Jordan, Lebanon and Syria were one of
the first attempts to allocate the water of the Jordan River. Although, they have never been rati-
fied, they continue to serve as a guideline (Elhance, 1999; FAO, 2005). Based on the area of
irrigable land, Syria should receive 132 MCM, Jordan 720 MCM, Israel 400 MCM and Leba-
non 35 MCM. Additionally, the Negotiations arranged the construction of cannels, dams, stor-
age systems and distribution networks (Israel et al., 1955).

The Jordanian-Israeli Peace Treaty, signed in 1994, is the only treaty between riparian states of
the Jordan River Basin related to water allocation both river discharge and groundwater. In the
winter period, Israel receives 13 MCM (12 MCM in the summer period) of the Yarmouk River
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for personal use and 20 MCM for storage in the Sea of Galilee which have to be returned to
Jordan in the summer period. In the case of the Jordan River, no precise allocation exists. “Israel
is entitled to maintain its current uses of the Jordan River waters between its confluence with
the Yarmouk, and its confluence with the Tiral Zvi / Wadi Yabis. Jordan is entitled to an annual
quantity equivalent to that of Israel, provided however, that Jordan's use will not harm the quan-
tity or quality of the above Israeli uses” (article 1.2.c). In winter, Jordan obtains a minimum
average of 20 MCM of flood water south of the confluence with the Yarmouk. Additionally,
Jordan receives 50 % of about 20 MCM desalinated water of saline springs annually and the
two states “shall cooperate in finding sources of the supply to Jordan of an additional quantity
of 50 MCNYV / year” (article 1.3) as well as in the construction of additional storage systems. For
survey, the two riparian states established a Joint Water Committee (State of Israel & The
Hashemite Kingdom of Jordan, 1994).

In 1995, Israel and the Palestine Liberation Organisation signed “The Israeli - Palestinian In-
terim Agreement on the West Bank and the Gaza Strip” assigning territorial jurisdiction to the
Palestinians including subsoil and territorial waters. The treaty regulates the available and future
water quantity for the West Bank and the Gaza Strip by focusing on groundwater and estab-
lishes a Joint Water Committee (State of Israel & Palestine Liberation Organization, 1995).
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3. The Models

Regarding the vulnerability evaluation of water allocation agreements the available water re-
source stream flow has to be assessed. Therefore, a simple water-balance model was required to
simulate stream flow. Simple is defined herein with low data requirement and a small number of
parameters. In addition, the model should be able to cope with semi arid to arid conditions.
Compared to humid regions, semi arid to arid regions are in general characterized by a high
rainfall variability in space and in time, by different runoff processes like Horton overland flow,
and transmission losses, by vegetation dynamics strongly that are dependant on the amount of
available water and by a lack of observed event data as well as a low data accuracy of stream
flow due to variable cross sections and high bed loads. These conditions complicate rainfall-
runoff modelling in semi arid regions and lead to different approaches than those applied in
humid regions (Pilgrim et al., 1988).

On the one hand, there are low data requiring conceptual rainfall-runoff models, where time
series on air temperature and precipitation as input data and stream flow for calibration are nec-
essary. Xu & Singh (1998) gave a brief summary of simple monthly water balance models e.g.
the three parameter Ta-model (Alley, 1984). On the other hand, there are models especially de-
veloped for flow processes in semi arid to arid regions like Sacramento Soil Moisture Account-
ing Model, Pitman Model (applied by e.g. Hughes, 1995). Those models are process orientated
and thus have a much more complicated structure and a greater number of calibration parame-
ters. However, in respect to water allocations stream flow is the relevant model output. The
modified version of the IHACRES (Identification of unit Hydrographs And Component flows
from Rainfall, Evapotranspiration and Stream flow data) (Jakeman et al., 1990; Jakeman &
Hornberger, 1993) rainfall-runoff model by Ye (1997) fulfils both requirements: being simple
and being able to simulate rainfall-runoff relationship in semi arid to arid regions. IHACRES is

also well documented.

3.1 The IHACRES Rainfall - Runoff Model

IHACRES is a lumped metric-conceptual water balance model developed by Jakeman et al.
(1990) and Jakeman & Hornberger (1993), extended to ephemeral streams by Ye et al. (1997),
to snow affected catchments by Schreider et al. (1997) and by a more physically based catch-
ment moisture deficit accounting module (CMD) by Croke & Jakeman (2004). Littelwood
(2002) extended the IHACRES model to improve the adaptation on low flows.

IHACRES has been successfully applied to a large number of catchments varying in scale, time
step and climate. Originally, IHACRES was developed to model stream flow in humid regions.

The first application was realized in two small humid upland catchments in Wales (Jakeman et
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al., 1990). The first application in semi arid to arid catchments was accomplished by Ye et al.
(1997) who applied a modified version of IHACRES to three low-yielding ephemeral catch-
ments in Western Australia.

THACRES has been applied to regionalization studies (e.g. Post & Jakeman, 1996; Kokkonen &
Jakeman, 2002) and used in the framework of the Predictions in Ungauged Basins (PUB) initia-
tive of the International Association of Hydrological Science (Croke & Jakeman, 2008). Further
applications have examined the impact of climate and land use change. Sefton & Boorman
(1997) applied eight hypothetical climate change scenarios and two climate change scenarios
using GCMs to three British catchments. Schreider et al. (2000) applied IHACRES to three
ephemeral Australian catchments to evaluate the effect of climate change on urban flooding
using GCMs and a stochastic weather generator. Evans & Schreider (2002) and Evans (2003)
coupled CMD-IHACRES and GCMs / RCMs to specify the impact of climate change on stream
flow. An estimation of land use change by analyzing model (CMD-IHACRES) residuals has
been accomplished by Kokkonen & Jakeman (2002). Jakeman & Letcher (2003) coupled
IHACRES with a crop, a sheet erosion and an economic model for integrated water resources

assessment.

In this thesis I applied the IHACRES v2.1.2 open source software (http://www.toolkit.net.au/
Tools/IHACRES) released June 2006 by iCAM (Integrated Catchment Assessment and Man-
agement Centre), CRCCH (Cooperative Research Centre for Catchment Hydrology) and CSIRO
(Commonwealth Scientific and Industrial Research Organisation), implementing the modified
version of Ye et al. (1997).

The lumped approach of the IHACRES model assumes that the spatial and temporal distribution
of infiltration capacity, rainfall and rainfall intensity are homogenous within the whole catch-
ment (Jakeman et al., 1990). IHACRES consists of a non-linear and a linear module leading to
the “hypothesis that, after allowing for antecedent conditions, the response to a catchment is
predominantly linear over a wide range of temperate climatological regimes and down to small
catchment scale” (Jakeman & Hornberger, 1993).

The non-linear module estimates effective rainfall u, that part of observed precipitation r be-
coming stream flow, at each time step k. In literature, different non-linear modules have been
applied (Jakeman & Hornberger, 1993; Ye et al., 1997; Croke & Jakeman, 2004; 2008). The
IHACRES v2.1.2 software implements a reformulated algorithm of the non-linear module of Ye
et al. (1997) to calculate effective rainfall by reducing observed precipitation r (Croke & Jake-
man, 2008).

The antecedent precipitation index or catchment wetness index sy is calculated by exponential

weighting of the observed rainfall time series Py:
S, =P +(1-t)s,, (1)

where the drying rate t, describes the rate at which the catchment wetness declines in the ab-

sence of rainfall. This drying rate t, is given by:
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t, =t, exp(0.062f(T, -T,)) )

where t,, represents the reference drying rate (Croke & Jakeman, 2008). The temperature modu-
lation factor f determines how the reference drying rate t,, changes with temperature (Jakeman
& Hornberger, 1993) thus represents the intraannual evapotranspiration change (Post & Jake-
man, 1996). T, is the reference temperature for which Post & Jakeman (1996) applied the annual
mean temperature. Ty is the air temperature at time step k (Croke & Jakeman, 2008). The effec-
tive rainfall uy is calculated as follows:

u =[ces, —D]°P, if s, >1
: 3)
u, =0 otherwise
(Ye et al., 1997; Croke & Jakeman, 2008). Parameter c is adjusted to equal the volume of effec-
tive rainfall and stream flow (Jakeman & Hornberger, 1993). In the reformulated version, the
mass balance parameter c is directly related to the gain of the transfer function to reduce the
interaction between the parameters ¢ and exponent parameter p. The non-linear loss module by
Jakeman et al. (1990) is gained by setting the parameter value of | to zero and of p to one (Croke

& Jakeman, 2008). The parameters of the non-linear module are calibrated via trial and error.

The linear module of IHACRES is based on the Unit Hydrograph Concept by Sherman which
transforms calculated effective rainfall (non-linear module) into stream flow by a linear convo-
lution integral. Depending on the catchment, different types of linear storage combinations (se-
ries / parallel) can be chosen.

In humid regions two parallel linear stores, representing a quick and a slow flow component, are
commonly used (Jakeman & Hornberger, 1993). Higher order storage configurations lead to an
increased parameter variance and not to an improvement in model performance (Jakeman &
Hornberger, 1993; Ye et al., 1997). Ye (1997) proposed the use of a single store for ephemeral
rivers. For a single exponential store, daily stream flow Qy is calculated as follows (Croke &
Jakeman, 2008):

Qv =—a Q +5 U.s 4)

d is the delay between rainfall and runoff estimated with the autocorrelation function. A second
order transfer function represents the unit hydrograph response curve (details see Croke &
Jakeman, 2008).

Each storage has a volumetric throughput v; relative to the other storages and a time constant

TC; representing the time for peak flow to recess to a value of exp(-1) of peak flow.

A

TC =8
T (=) )
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v =B /(1+a;) (6)

The parameters of the linear module are calculated by a refined instrumental algorithm (details
see Jakeman et al., 1990). Croke (2006) amplified the fitting procedure for ephemeral streams
through the introduction of a power law form of the unit hydrograph.

3.1.1 Parameter Dependencies

Jakeman & Hornberger (1993) pointed out the problem of overparameterization as one of the
major problems in rainfall-runoff modelling and stated that a model of low complexity as
IHACRES is sufficient because the rainfall-runoff time series contains the adequate informa-
tion.

The parameters of the two modules of IHACRES are independent from each other (Jakeman &
Hornberger, 1993). The parameter values should not depend on the climate sequence used for
calibration (Post & Jakeman, 1996; Kokkonen & Jakeman, 2002). Whereas, they are related to
catchment attributes. Post & Jakeman (1996) found a relationship between the time constant of
the quick flow recession and the drainage density and a slight relationship with the catchment
area. The time constant of the slow flow recession was correlated with the catchment’s slope
and elongation. The evaporative loss was correlated with the amount of radiation received and
the vegetative water use.

Storage parameters related to e.g. soil storage and parameters depending on vegetation can
change in the long term due to climate and land use change as well as erosion. Leaving a pa-
rameter value constant to model a future scenario, it is assumed that the change of process, rep-
resented by the parameter, is small in contrast to the change in the climate input data (Boorman
& Sefton, 1997).

3.2 Hamon’s Method and Simple Bucket Model

To validate the results gained by the IHACRES rainfall-runoff model, a soil water balance
model, based on the simple bucket concept (see e.g. Xu & Singh, 2004) and the Hamon’s

method (Hamon, 1961) to estimate potential evapotranspiration, was introduced.

Hamon’s method (Hamon, 1961) is an empirical approach to calculate potential evapotranspira-
tion pt in [mm/day] based on saturated water pressure svp and the average number of daylight
hours per day H during the selected month. Following Haith & Shoemaker (1987) the potential

evapotranspiration after Hamon is calculated as follows:

2.1H; svp
t = k K 7
Ph T, +273.3 2

The saturated water pressure svp and the average number of daylight hours per day H are esti-
mated following Hornberger & Wiberg (2005).
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The saturated vapour pressure svp depends on air temperature T:

17.27T,

SVpk =0.6108 exp(m
K .

) ®)

For the estimation of the average hours of daylight H, the angle of the sunset hours sha has to be
taken into account. This parameter depends on the latitude lat of the selected location in [rad]

and the solar declination dec:

sha
H, =24 2 ©)
T
27 lat
sha, = arccos(—tan( 71a ) tan(dec, )) (10)
360
The declination of the sun is related to the Julian day of the year:
dec, =0.4093sin((27/365) julday, —1.405) (11)

Oudin et al. (2005) analyzed 27 potential evapotranspiration models in 308 catchments covering
a wide range of climate zones. They concluded that empirical potential evapotranspiration mod-
els based on extraterrestrial radiation and mean daily air temperature, as the Hamon’s model,
were most efficient in daily rainfall-runoff modelling when utilizing a lumped conceptual model
as is the case in the simple bucket model. In general, the performance of a rainfall-runoff model
was not significantly influenced by the potential evapotranspiration model. More complicated
potential evapotranspiration models require further climate data which are frequently not avail-
able (Oudin et al., 2005).

The simple bucket model calculates stream flow q as the sum of overflow oflow and percolation

to the groundwater perc. The operation time step k is [mm/month].
q, = oflow, + perc, (12)

The percolation to the groundwater depends on the soil water content swc of the previous
month, the maximum depth of soil D and the maximum percolation from soil to groundwater
SPax:

swc
perc, = Dk‘l SP... (13)

The soil water content swc is based on the water balance equation:
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swc, =swc,_, + P, — perc, —at, (14)

If the soil water content exceeds the maximum depth of soil, overflow oflow starts (equation 17)

and percolation perc is maximal (equation 16).

swe, >D 15)
perc, =SP__ (16)
oflow, =swc, - D (17)
swc, =D (18)

The calculation of the actual evapotranspiration at depends on the threshold AET which is the
proportion at which at equals pt related to D.
If

WO o AET (19)

then pt is reduced by the moisture extraction function

at, = pt SWE 20
“« TYAETD (20)

otherwise at equals pt

at, = pt, . 21)

The parameters D and SP are estimated via uniform sampling. The parameter value of AET is

adjusted by the comparison of the simulated and the observed flow duration curves.
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4.  Input Data

4.1 Reanalysis Data

Reanalysis data (ERA-40) are a global multi-decadal assimilated daily dataset of climate vari-
ables based on synoptic surface observations, radiosondes and satellite data. The dataset was
developed by the European Centre for Medium-Range Weather Forecast (ECMWF) and ranges
from September 1957 to August 2002. The Reanalysis data were generated by numerical weath-
er predictions adapting the model state to observations in a statistically optimal manner via an
objective function. The created daily field has a grid resolution of 2.5° x 2.5°. The data quality
depends on the quality and coverage of the observations, the quality of the model and the analy-
sis (Uppala et al., 2005). The data are distributed by the Climate Explorer (Oldenborgh van,
2009).

Leander & Buishand (2007) as well as Lavers et al. (2007) applied ERA-40 climate data to
simulate river discharge with the rainfall-runoff model HBV and the Probability Distributed
Model respectively. Leander & Buishand (2007) adjusted the temperature and precipitation time
series of ERA-40 by a linear and a nonlinear bias correction to reproduce the statistical proper-
ties of observed data and to run a regional atmospheric climate model first and the rainfall-
runoff model for the Meuse catchment (21,000 km?) afterwards. Lavers et al. (2007) used ERA-
40 data and downscaled ERA-40 data as direct model input for the Dyfi catchment (471.3 km?).
Without downscaled climate data, river discharge was considerably underestimated which the
authors related to the lack of representativeness of local effects e.g. orographic in the data.
Dutra et al. (2008) used ERA-40 precipitation data to calculate a drought index based on the soil
moisture content and the energy balance. To evaluate the reliability of the ERA-40 data, the
authors compared them against observations of the Iberian Peninsula. They detected a system-

atic underestimation and a reduced mean annual cycle of the ERA-40 precipitation data.

4.2 CRU Data

CRU TS 2.1 climate data are provided by the Climate Research Unit (CRU). They incorporate
further temporal and spatial information into CRU TS 1.0 climate data by New et al. (2000) and
were additionally tested for inhomogeneities applying an automated detection algorithm. The
climate data consist of 0.5° - latitude - longitude - gridded terrestrial monthly data of precipita-
tion, mean and diurnal air temperature called primary variables and the secondary variables wet-
day frequency, vapor pressure, cloud cover and ground frost frequency covering the years
1901 - 2002. The primary variables are based on an interpolated anomaly field of the variables
ranging from 1901 - 2002 combined with a mean monthly value field from 1961 - 1990 which
serves as the standard period (Mitchell & Jones, 2005). Interpolation was done by angular dis-
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tance weighting taking the eight nearest stations with an exponential correlation decay function
into account (New et al., 2000). Where no station within the correlation decay distance (air tem-
perature 1,200 km, precipitation 450 km) was available stations with zero anomalies were in-
serted (Mitchell & Jones, 2005). The interpolation algorithm disregards elevation which might
lead to prediction errors especially in precipitation. However, the monthly anomalies are a func-
tion of general climate patterns where the dependence on elevation plays a minor role (New et
al., 2000).

New et al. (2000) recommended CRU climate data for hydrological modelling at the regional
scale. Therefore, numerous examples can be found in literature.

Yang & Musiake (2003) downscaled a 2° climate data set with the help of CRU data to model
Asians main river’s discharge with a grid based distributed model. On the contrary, Schuol et al.
(2008) downscaled CRU data (1901 - 1995) to a daily time step using a weather generator to
estimate the freshwater availability at the sub-basin level. The authors modelled successful an
area of 4 million km? including the Senegal, Niger, Volta and Benue basins applying the semi
distributed Soil & Water Assessment Tool. Dezetter et al. (2008) utilized CRU climate data to
test whether an optimal model - data combination to model runoff in 49 Western African catch-
ments exists. They calibrated two semi distributed models applying three potential evapotran-
spiration datasets and four water holding capacity datasets without detecting an optimal model -
data combination. Similar analysis were conducted by Arnell (1999) who applied CRU data,
downscaled to a daily time step, to run a gridded macro scale hydrological model for Europe.
Doll et al. (2003) estimated the long term average water resources on a 0.5° global grid scale
applying the WaterGAP Global Hydrological Model and CRU data downscaled on a daily time
step. George (2007) used CRU precipitation data to calculate lag times between precipitation

and stream flow and to relate stream flow to the state of the atmospheric circulation afterwards.

To my knowledge, Simmons et al. (2004) are the only authors who compared CRU and ERA-40
data systematically on a global scale. They examined trends and low frequency variability of
monthly anomalies of mean surface air temperature and concluded that the two datasets agree in
general. The agreement enhanced after 1967 due to a higher number of synoptic surface data
resulting in an improved ERA-40 performance. After the elimination of linear trends, the data-
sets showed a similar month to month variability (correlations Europe 99.6, North America
98.7, Australia 92.5) and a similar interannual variability. Linear trends (1958 - 2001) were
lower in ERA-40 dataset and agreed spatially in 64 % (1979 - 2001) and in 55 % (1958 - 2001).
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4.3 Discharge Data

Discharge data were provided by the Global Runoff Data Centre (GRDC) (BfG, 2009).

Ruacana gauging station (14.1109°/-17.43° (Murwira & Mazvimavi, 2007)), located next to the
Angolan Namibian border, is the only gauging station listed in the GRDC database for the Kun-
ene River Basin (BfG, 2009). The gage’s catchment covers an area of 84,952 km? which is 80 %
of the total basin area (Murwira & Mazvimavi, 2007). Discharge data are available over a period
of 47 years (01/10/1961 - 31/01/2007) including a data gap from 25/09/1979 to 31/12/1983.
Mean annual discharge is 175.5 m®/s (65 mm/a) (BfG, 2009). A mayor problem is the unknown
influence of dams further upstream. According to Murwira & Mazvimavi (2007) the main func-
tions of the Ruacana discharge gage are water resources planning, environmental management
and transboundary water resources planning and management.

Due to the large extend of the Niger River Basin with various climate and discharge regimes a
sub-basin was chosen. In the Upper Niger Basin several discharge stations exist. Tiguibery gage
(-9.17°/11.25°) situated about 80 km before the Guinean Mali border was found to be most reli-
able. The gage represents an area of 70,000 km? and covers the time period of 06/1952 -
11/1979 (data gaps: 01/1964 - 05/1964, 02/1965 - 07/1967). Mean annual discharge is
1,100.5 m*/s (496 mm/a) (BfG, 2009).

Monthly values of the Jordan River are provided by the Obstacle Bridge gauging station
(35.62°/33.03°) for the time period of 11/1969 - 10/2004. Its catchment area is 1,376 km?, mean
annual discharge 14.8 m?/s (339 mm/a) (BfG, 2009). Obstacle Bridge gage was chosen because
it is located above the Lake of Galilee where water storage and abstractions take place which are

not included in the modelling framework.
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5. Methodology

5.1 Analysis of Input Data

5.1.1 Climate Data

To test the reliability and the comparability in space as well as in time of the two climate input
datasets ERA-40 and CRU several analyses focusing on precipitation were carried out.

Those grid points who are situated in and who are surrounding the modelled (sub-)basins were
selected for the analysis. The analysis was realized for the entire period of 1958 - 2001.

As the ERA-40 data are operating on a lower grid resolution, the CRU data were upscaled by
taking the arithmetic mean per time step of the 25 grid points representing the same area as a
single ERA-40 grid point. In this way, two time series could be compared directly. In several
cases, especially close to the coastline, CRU data were not available for all 25 CRU grid points
representing the individual ERA-40 grid point. Then, the arithmetic mean of the remaining grid
points was calculated. ERA-40 data operating on a daily time step were aggregated to a monthly
time step by taking the sum of daily precipitation amount and by taking the arithmetic mean of
daily air temperature for each month, respectively. Annual sums of precipitation where calcu-

lated based on the calendar year.

December
I:)annual = ZIDI (22)

January

To estimate the mean annual and the mean monthly water balance the arithmetic means of an-

nual sums and monthly sums were calculated.

]

AM = HZ P (23)
1

The discrepancy of the entire input time series was expressed by the mean absolute error which

is the average of the absolute differences of the time series.

1 n
MAE = HZ‘PCRU i = Peracaoi (24)
1

The difference of the two precipitation data sets in time was calculated by subtracting the annual
sum of precipitation of the ERA-40 data from the annual sum of precipitation of the CRU data.
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diffannual = I:)CRU annual I:>ERA—4O annual (25)

To estimate the correlation between the two precipitation time series the Pearson correlation
coefficient r was calculated. r ranges from -1 to 1. 1] implies that the relation between the two
time series can be described perfectly by a linear equation. A value of 0 implies that there is no
linear relation between them. The Pearson r is not robust to outliers (Rodgers & Nicewander,
1988).

> (CRU, —~CRU)(ERA, — ERA)

r= (26)

() (CRU, ~CRU)’> (ERA, - ERA)’)?

The calculation of r and MAE was done for the time series as a whole to represent the spatial
variability as well as for each specific month to represent the seasonal development of the corre-
lation and discrepancy of the two climate data sets. The evolution of MAE and r in time was
evaluated with the help of the moving mean absolute error and the moving Pearson correlation
coefficient. This analysis was carried out for monthly values and a window size of 58 months

for the moving MAE and for annual values and a window size of 8 years for the moving r.

As the selected river basins were assumed to be data sparse regions, the arithmetic mean of the
number of observation systems within the correlation decay distance was calculated for those
CRU grid points representing a single ERA-40 grid point. Hence, it was possible to receive a

general overview of the availability of climate observations in space and time.

5.1.2 Stream Flow Data

Flow duration curves (fdc) expressing the percentage of time that stream flow exceeds or falls
below (non-exceedance) a specified discharge value were calculated to summarize the temporal
flow variability. To estimate the non-exceedance probability F, the discharge values are ranked
from lowest to highest (rank i = 1 to n). The non-exceedance frequency F is calculated as fol-
lows and plotted against stream flow g, (Dingman, 2002).

i
F(Aa) = el 100 @7)
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5.2 Modelling of Stream Flow

The modelling of stream flow was carried out for the three (sub-)basins with both models, re-

spectively.

5.21 Input Data

The modelled sub-basins of the Jordan River and the Niger River were represented by a single
grid point (Niger -10.0°/10.0°, Jordan 35.0°/32.5°). The modelled sub-basin of the Kunene
River Basin was represented by four grid points (15.0°/-12.5°, 15.0°/-15.0°, 15.0°/-17.5°,
12.5°/-15.0°). Each grid point was weighted according to its fraction of the watershed to receive
one input time series. The percentages are 12 %, 65 %, 21 % and 2 %, respectively and were
estimated with ArcMap.

Modelling on a monthly time step, in certain cases, a bias correction of the amount of precipita-
tion was carried out to equal the volume of observed and modelled stream flow. For this bias
correction the entire precipitation time series was multiplied by a constant factor (bias). The bias

was chosen in dependence of the similarity of the observed and modelled flow duration curves.

5.2.2 Calibration

Sefton & Boorman (1997) stated that IHACRES is best calibrated over short time periods thus
approximately three-year periods were chosen for calibration. The length of the calibration pe-
riod of the Hamon’s method and simple bucket model depended on the length of the individual
stream flow time series. In general, the stream flow time series was divided in the middle into

two segments. Each segment was used for calibration as well as for validation.

The parameters values of the two rainfall-runoff models were adjusted to the highest Nash-
Sutcliffe efficiencies.

Z(Qo,i - Qm,i )2
NS =1-- —
> Q- Q) 9

The numerator estimates the squared sum of the difference of observed discharge Q, and mod-
elled discharge Q,,. In the denominator, the squared sum of the difference between Q, and the
arithmetic mean of Q, is calculated. The closer the NS value to 1 (the fraction to zero) the better
is the model adjustment (Nash & Sutcliffe, 1970).

In dependence of the recorded stream flow hydrograph and the obtained Nash-Sutcliffe effi-
ciency, the number and the order of exponential stores of the IHACRES model were chosen to

optimize the modelling results.
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5.2.3 Validation

The model validation was carried out using the objective functions mentioned in the calibration

section. The validation period was considered as the period not used for calibration.
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6. Results

6.1 Input Data

6.1.1 Reliability and Comparability of the Precipitation Datasets

The analysis of the reliability and the comparability of the two precipitation datasets in space as
well as in time showed very heterogeneous results. This was most apparent in the monthly mean
precipitation values of the CRU and ERA-40 time series representing the precipitation regime
and confirmed in the analysis of the monthly mean absolute error.

The two datasets neither agreed in the progression of the rainy season nor in the mean monthly
amount of precipitation in the rainy season. Even within one basin the resulting differences be-
tween the time series were not consistent.

In the Kunene River Basin (Figure 4), the CRU precipitation regime of the grid points 12.5°/
-15.0° and 12.5°/-17.5° showed a maximum value in March, a hinted secondary maximum in
November and a local minimum in January / February which was not obvious in the ERA-40
time series. ERA-40 grid point 12.5°/-20.0° had no clear rainy season compared to CRU. At
longitudes 15.0° and 17.5° several CRU grid points (15.0°/-17.5°, 15.0°/-15.0°, 17.5°/-15.0° and
17.5°/-12.5°) showed a double peak in November / December and March whereas ERA-40 data
showed a single peak around January. The amount of precipitation increased from West to East,
exceptions were the ERA-40 grid points 12.5°/-20.0%°and 17.5°/-12.5°, and from South to North
except for ERA-40 grid point 10.0°/-20.0°. The relative difference of the amount of precipita-
tion between the datasets was highest for the longitudes 12.5° and 15.0° and declined for longi-
tude 17.5°. The maximum monthly mean absolute (relative) error was 120 mm (178 mm) in
December / January for grid point 15.0°/-12.5°. In Figure 4 (bottom right), the precipitation time
series used for modelling the Kunene River Basin is shown. The precipitation regime of the
ERA-40 data was shifted one month compared to CRU with its peak value in January / February
and an implied secondary peak in April. Contrary, the CRU time series had an implied secon-
dary peak in November and a peak in February / March. The mean annual difference in model
input precipitation was 128 mm.

In the Niger River Basin (Figure 5), the progression of the precipitation regime of the two time
series agreed for latitude 12.5° and for latitude 10.0° in general with maximum precipitation
values in July / August. As in the Kunene River Basin, double peaks were found in the CRU
data whereas ERA-40 data showed a single peak (352.5°/7.5° and 355.0°/7.5°). Additionally, a
double peak was observed in the ERA-40 data whereas CRU data showed a single peak
(347.5°/7.5°). The amount of precipitation decreased from West to East, except for ERA-40 grid
point 345.0°/10.0°, and from South to North, exceptions were ERA-40 grid points of latitude
7.5° and the ERA-40 grid points 347.5°/10.0°, 347.5°/12.5°. For latitude 10.0°, the relative dif-
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ference of the amount of precipitation declined with increasing longitude. For latitude 12.5°, it

was lowest for the longitudes 347.5° and 350.0°.
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Figure 4: CRU and ERA-40 precipitation regimes in the Kunene River Basin. Precipitation time

series for stream flow modelling (bottom right).
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The maximum monthly mean absolute precipitation error was almost 300 mm at the beginning

of the rainy season for grid point 345.0°/10.0° (Figure 7 top left).
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Figure 5: CRU and ERA-40 precipitation regimes in the Niger River Basin.
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Figure 6: CRU and ERA-40 precipitation regimes in the Jordan River Basin.

In the Jordan River Basin (Figure 6), the progression of the rainy season and the time point of
maximum precipitation agreed except for latitude 30.0°. Precipitation decreased from North to
South and longitude 35.0° had maximum precipitation values compared to longitudes 32.5° and
37.5°. In general, the precipitation amount of the datasets agreed for longitude 32.5°. In con-
trast, the maximum precipitation values for longitude 35.0° and 37.5° were up to twice as high
for CRU compared to ERA-40.

In contrary, the dry season was represented identical in the CRU and ERA-40 time series. The
precipitation datasets agreed in general in the month of the start and the month the end of the
dry period as well as in the precipitation amount. Expect for ERA-40 grid point 12.5°/-12.5°
having a shorter rainy season compared to CRU, contrariwise was true for grid point 15.0°/
-12.5°. The dry period in the Kunene River Basin ranged from May till September, in the Niger

River Basin from December till March / April and in the Jordan River Basin from June till Sep-
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tember. Minimal mean monthly precipitation in the three basins was around 0 mm. ERA-40 grid

point 350.0°/7.5° with minimum precipitation values above 100 mm was an exception.

Regarding the annual progression of the two precipitation datasets, the annual differences were
neither constant in space nor in time (1958 — 2001). In the case of the Kunene River Basin, they
did not show any obvious pattern. Contrary, in the Niger River Basin, the annual difference of
the two datasets increased in the 1980s up to 2,500 mm for the grid points 347.5°/7.5° and
347.5°/10.0° (Figure 7 bottom left) as well as for the grid points 350.0°/7.5° and 350.0°/10.0°.
In the Jordan River Basin, a drastic negative increase in the annual precipitation difference was
found for latitude 35.0° in 1972 and a tendency to negative differences after 1990 for the grid
points 32.5°/32.5° and 32.5°/35.0°. These differences in the amount of annual precipitation be-
came additionally apparent considering the moving mean absolute error.
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Figure 7: Monthly mean absolute error (top left), annual differences of CRU and ERA-40 pre-
cipitation time series (bottom left) and moving Pearson correlation coefficient (bottom right) for
selected grid points in the Niger River Basin.
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in

the Kunene River Basin.



Results 37

The mean absolute error of precipitation in space is exemplified in Figure 8 (top) for the Kun-
ene River Basin. It decreased from 56 mm to around 0 mm from North to Southwest. In the
Niger River Basin, the pattern of the mean annual absolute error followed the spatial distribu-
tion of the mean annual CRU precipitation increasing in a northeast to southwest direction from
142 mm to around 0 mm. In the Jordan River Basin, the mean annual precipitation error de-
creased from North (20 mm) to South (~ 2 mm) following the pattern of the amount of mean

annual precipitation too.

Beside the seasonal, annual and spatial distribution of precipitation amount of the CRU and
ERA-40 time series, the Pearson correlation between the datasets was analysed. The monthly
Pearson correlation coefficient r ranged between -0.2 and 0.8 in the three basins. In the case of
the Kunene River Basin and the Niger River Basin, the seasonal progression did not show any
seasonal or spatial pattern. In contrary, in the Jordan River Basin (Figure 9), the monthly Pear-
son correlation was consistent for the entire basin with minimum values in the dry period and
was steeply increasing with increasing precipitation. However, there was no apparent latitudinal

evolution of r following the precipitation gradient.
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Figure 9: Monthly Pearson correlation coefficient in the Jordan River Basin.

The analysis of the moving Pearson correlation coefficient did not show any obvious patterns in
the cases of the Kunene River Basin and the Jordan River Basin. In the Kunene River Basin,
moving r fluctuated between positive and negative values. In the Jordan River Basin, moving r
was mostly positive. In the Niger River Basin, the correlation changed from positive to negative
values from 1965 until 1980 for the longitudes 352.5° (Figure 7 bottom right) and 355.0°. About
1990, the correlation became again negative for grid point 352.5°/7.5° and a short steep correla-

tion decrease was observed for grid point 352.5°/10.0°.

The spatial distribution of the Pearson correlation coefficient for precipitation (1958 - 2001) of
the Kunene River Basin is shown in Figure 8 (bottom). r rose from 0.21 along the coastline to

0.9 westwards. Hence, the spatial pattern of r was neither identical with the spatial pattern of the
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mean absolute error of precipitation nor with the spatial pattern of the mean annual amount of
precipitation. The same was true for the Niger River Basin where the Pearson correlation coeffi-
cient increased from 0.77 in the coastal region to 0.89 in a northwest direction. In the Jordan
River Basin, the spatial pattern of r followed the spatial pattern of the mean absolute error in
precipitation and the mean annual amount of precipitation respectively decreasing from North
(0.94) to South (0.48).

6.1.2 Availability of Climate Observations

An overview of the availability of climate observations is presented in Table 1 showing the
minimum, mean and maximum numbers of stations within the correlation length of air tempera-
ture and precipitation for selected grid points of the CRU dataset. In addition to the grid points
in the selected river basins, grid point 7.5°/47.5° situated in Central Europe which was assumed
to be a data rich region, served as a reference grid point. Grid point 15.0°/-15.0° in the Kunene
River Basin had the lowest number of observation stations in precipitation as well as in air tem-
perature. The mean and the maximum number of precipitation stations in the Niger River Basin
was approximately the same magnitude as the number of mean and maximum precipitation
stations of the grid point representing Central Europe. In the case of no available stations within
the correlation length, the precipitation / air temperature value of the particular month was sub-
stituted by the mean value of the reference period. The number of observation stations increased
in the 1960s and 1970s continuously and remained almost constant until the 1990s with an ob-
served very steep decline. The number of precipitation observing systems showed seasonality
with minimum values in the dry season in the case of the grid points 15.0°/-15.0°, 35.0°/32.5°
and -10.0°/10.0°.

Table 1: Number of stations within correlation length for air temperature and precipitation for
selected grid points of CRU (1958-2001).

Longitude [°] / number of stations air temperature number of stations precipitation
Latitude [°] minimum mean maximum minimum mean maximum

Niger -10/ 10 8 71 89 0 49 71
Kunene 15/-15 0 12 20 0 3 7
Jordan 35/32.5 51 230 322 2 32 50
7.5/47.5 174 559 807 22 59 82
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6.2 Modelling

6.2.1 IHACRES - Modelling on a daily time step

In regard to the recorded discharge at Ruacana gauging station a single exponential store was
chosen to model stream flow of the Kunene River Basin. The best modelling result, according to
the maximum Nash Sutcliff efficiency of over 100 calibrations runs varying in period, is pre-
sented in Table 2.

Table 2: Modelling results with the IHACRES rainfall-runoff model / ERA-40 daily data.

NS calibration period total stream flow [mm] simulated / observed
cal. val. observed  simulated [7]
Kunene 0.89 -0.24 04/11/1970 - 2251 2332 103.60
Ruacana 08/08/1973
Niger NaN  NaN variable NaN NaN NaN

Tiguibery

As the Nash Sutcliffe efficiency NS decreased steeply in the validation period, the model per-
formance in dependence of the amount of precipitation and discharge in the calibration period
was calculated additionally. A correlation was not detectable. The cross correlation CCF be-
tween precipitation and stream flow of the hydrological year (October — September) was about

ZCro.

cop - SOV (XiunYi) (29)
AR(XU,Y”)

Furthermore, the Pardé Coefficients PC (Pardé, 1947) were calculated.

MQpon (30)
PC, _ MQuam,
MdearJ—

The Pardé values of October (month of lowest discharge) were correlated against the time con-
stant TC of the IHACRES rainfall-runoff model to figure out whether years of high low flows
(high October PC) are reflected in TC to deliver insight into the influence of storage systems in
the basin. There was no correlation detectable as well. However, the autocorrelation ACF (1985

- 2006) of discharge was 0.45 for a lag time of one, pointing out some year to year storage.

_COV (X0, Xih) €2))
~ VAR(X;)
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The other parameters of the IHACRES rainfall-runoff model did not show a progression in time

either.

Likewise, it was unsuccessful to model river flow at Tiguibery gage in the Niger River Basin
with the ERA-40 daily data, independent of the calibration period and the configuration of ex-
ponential storages. For the Upper Jordan, only monthly discharge data were available.

6.2.2 Simple Bucket Model - Modelling on a monthly time step

The bias correction of the CRU and ERA-40 precipitation time series resulted in an adaptation
of the precipitation regimes of the two datasets. In the Niger River Basin, the mean monthly
absolute error between the two precipitation input time series declined from 58.7 mm to 8.2 mm

due to bias correction. In the Jordan River Basin, it declined from 17.8 mm to 5.4 mm.

Those model runs with the highest Nash Sutcliffe efficiencies are shown in Table 3. The model
performance with CRU climate data was superior to ERA-40 data. Although, the Nash Sutcliffe
efficiency was higher for the ERA-40 data in the calibration period at the Jordan River, it de-
clined steeply in the validation period. A similar steep decline was observed for the ERA-40
data in the Upper Niger River Basin. The maximum decline of the Nash Sutcliffe efficiency in
the validation period compared to the calibration period for the CRU data was 0.1 in the case of
the Jordan River. In the Niger and in the Kunene River Basin, better results were achieved when

the first half of the discharge time series was used for calibration.

First, the total amount of stream flow was considered (Table 3) which was defined as the sum of
stream flow in the calibration and validation period. The discrepancy of the observed stream
flow values in the same basin resulted from the different length of the two climate data time
series. Modelled stream flow applying CRU climate data was always underestimated. The un-
derestimation ranged between 2.11 % and 11.51 %. Modelling with ERA-40 climate data re-
sulted in an underestimation of stream flow of 23.83 % up to an overestimation of stream flow
of 40.78 %. The percentage discrepancy of the overall modelled stream flow of the two climate

data sets is highest for the Niger River Basin and lowest for the Jordan River Basin.

Table 3: Modelling results with Hamon's method and the simple bucket model.

total ~ stream  flow gimylated / differ-

NS cali.br(;ltion [mm] observed  ence

cal. val, PO observed simulated [%] [%0]
Kunene CRU 0.38 0.35 1962-1978 2336 2067 88.49 12.32
Ruacana ERA-40 0.17 0.18 1962-1978 2326 1772 76.17 ’
Niger CRU 0.82 0.75 1952-1965 12952 12679 97.89 47,89
Tiguiber. ERA-40 0.48 -0.09 1952-1965 9860 13881 140.78 ’
Jordan CRU 0.73 0.63 1986-2002 10718 10249 95.62 455

Obstacle ERA-40  0.75 0.33  1986-2002 10668 9716 91.07
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Second, the seasonal progression of monthly mean modelled and observed stream flow focusing

on the high and low flow periods was examined (Figure 10). It has to be pointed out that mean

monthly values were considered and that the deviations in amount and time in a particular

month of a year can differ drastically. The time points of the observed and modelled mean peak

flow agreed for the Kunene River. In the Niger River Basin, the time point of observed and

modelled stream flow agreed only in the case of the CRU climate data. The modelled peak flow

of the ERA-40 climate data was one month earlier compared to the observed peak flow. At the

Jordan River, the modelled maximum flows were half a month earlier compared to the ob-

served.
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Figure 10: Observed and modelled stream flow regime at Ruacana (top left), Tiguibery (bottom
left) and Obstacle Bridge (bottom right).
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Figure 11: Observed flow regimes (bottom) and the percentage deviation of mean monthly
stream flow of observed and modelled discharge (top).

Figure 11 shows the observed flow regimes (bottom) and the percentage deviation of mean
monthly stream flow of observed and modelled discharge for the entire modelled time period
(top). The flow regimes modelled with monthly CRU and monthly ERA-40 climate data respec-
tively agreed better then the observed and modelled flow regimes did. At Ruacana gage in the
Kunene River Basin, the peak flow in April was underestimated up to 40 % applying the simple
bucket model and the ERA-40 data on a monthly time step. The same was true for the CRU data
set. In contrary, applying the IHACRES rainfall-runoff model and ERA-40 climate data on a
daily time step (31/10/1961 - 31/01/2001) the peak flow was well represented. The low flows of
the Kunene River were underestimated almost equally on a monthly time step (~50 %) and un-
derestimated by 60 % applying the IHACRES rainfall-runoff model. Peak stream flow at
Tiguibery gage in the Niger River Basin was underestimated by 30 % for the CRU climate data.
In the case of the ERA-40 data, the peak flow was overestimated by 5 %. The time points of

modelled and observed peak stream flow did not agree as mentioned above. Low flows in April
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were overestimated up to 350 % by both climate datasets. At Obstacle Bridge at the Jordan
River, peak flows are only minor underestimated applying the CRU climate data and underesti-
mated by 20 % applying the ERA-40 data. Low flows in August were well represented by the
ERA-40 data set and overestimated by the CRU climate data by 30 %. In October, the underes-
timation of 50 % is due to a simulated minimum discharge value but a measured local maxi-
mum value (Figure 10 bottom right). These differences became obvious in the flow duration

curves as well.
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7. Discussion

7.1 Input Data Reliability

7.1.1 Precipitation Reliability

The results showed that the climate precipitation datasets vary considerably in precipitation
amount and regime as well as their correlation is neither constant in space nor in time. There-
fore, their interpretation is complex. The discrepancy between the datasets may be ascribed to
various causes: poor data quality due to precipitation measurement errors, insufficient station
coverage, interpolation errors in the case of CRU precipitation data (New et al., 2000) and re-
analysis errors in the case of the ERA-40 precipitation data (Uppala et al., 2005).

First, the differences ascribed to the applied precipitation estimation methods, interpolation and
reanalysis, are considered. The progression of the amount of precipitation from North to South
or East to West was consistent for the CRU precipitation data compared to the ERA-40 data.
The reason might be that CRU data do not consider the influence of elevation on the amount of
precipitation whereas ERA-40 can rebuild those local phenomena. However, it has to be proven
whether orographic effects still have influence at the considered grid scale of 2.5° x 2.5°. The
dissimilar precipitation estimation methodologies and errors in the precipitation estimation
method itself e.g. calibration errors in the case of ERA-40 may also cause inconsistent differ-
ences in the annual progression of the datasets and an inconsistent moving Pearson correlation.
A further reason may be poor input data quality in one of the datasets.

The disparity in the precipitation regime in the Kunene River Basin and in the Niger River Ba-
sin which resulted in a single precipitation peak value in one climate dataset whereas the other
showed a double peak were caused by differences in the reproduction of the movement of the
intertropical convergence zone (ITCZ). In the Niger Basin, this difference in the simulation of
the south-eastern anti-cyclone monsoon was obvious at the grid points close to the coastline
(latitude 7.5°) and at the time point of the maximum relative error at the beginning of the rainy
season. Due to the decreasing influence of this rainfall pattern, the progression of the precipita-
tion regime of the two time series agreed for latitude 12.5° and for latitude 10.0° in general. In
the Kunene River Basin, only the CRU data simulated a double peak thus a movement of the
ITCZ across the basin.

The number of observation systems within the correlation decay distance is a second reason for
the discrepancy between the precipitation datasets. The analysis of the number of observations
systems for the CRU data confirmed that especially the Kunene River Basin is a data scarce
region. With the decline of observation systems in the 1990s the Niger River Basin and the Jor-
dan River Basin followed. It is assumed that the data availability for the ERA-40 reanalysis was



46 Discussion

in the same range. When no stations within the correlation decay distance were available, CRU
applied the mean value of the reference period which leads to a data alignment to the defined
reference period (New et al., 2000). It is not clear, how the reanalyse of the ERA-40, especially
model calibration, was carried out in the case of scarce data availability. Additionally, New et
al. (2000) pointed out that in very data sparse regions as Angola the anomaly diverged from
zero due to an error in interpolation. Therefore, the particular grid point was adjusted to receive
zero anomalies by subtracting the interpolation error. In the cases of a relative high mean num-
ber of precipitation observation systems (Niger River Basin, Jordan River Basin), the spatial
pattern of the mean absolute precipitation error followed the spatial pattern of mean monthly
precipitation.

Not only the coverage of observation stations itself can be responsible for the discrepancies of
the precipitation datasets also the number of CRU grid points representing one ERA-40 grid
point might play a role. The high relative differences in the Kunene River basin for longitude
12.5° may be related to only 6 to 19 CRU grid points out of 25 representing one ERA-40 grid
point.

A further reason for the discrepancy of the precipitation regime are the semi arid to arid climate
conditions expressed in a high spatial and temporal variability of precipitation resulting in poor
data quality and quantity (Pilgrim et al., 1988). This might be a main point accounting for the
differences in the Jordan River Basin for latitude 30.0°. Furthermore, it has to be proven
whether one of the two precipitation estimation methodologies is superior in semi arid to arid

regions.

The Jordan River Basin showed three specific characteristics. The amount of precipitation was
common for longitude 35.0°, the monthly Pearson correlation was consistent and the spatial
pattern of the Pearson correlation coefficient followed the spatial pattern of the mean absolute
error in precipitation as well as the mean annual amount of precipitation. It is assumed that these
features resulted from the higher coverage of observation stations on the one hand and from the

missing influence of the ITCZ on the other hand.

To figure out the individual reasons for the discrepancy of the precipitation datasets and to be
able to explain further characteristics, like the spatial pattern of the Pearson correlation coefti-
cient in the Niger River Basin and in the Kunene River Basin additional regions of various cli-

mate should be tested.

As the required station density to describe the monthly spatial variability adequately is greater
for precipitation than for air temperature (New et al., 2000), the present results of the analysis of
precipitation anomalies and correlation differs from the results of the analysis of air temperature
gained by Simmons et al. (2004).
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7.1.2 Discharge Data Availability and Reliability

In contrary to the gridded climate datasets, point measurements of discharge were required for
the modelling of stream flow. During the case study selection a mayor difficulty was the non-
availability of discharge time series. Further problems were the insufficient length and the un-
known influence of storage systems and land use changes inside the basins which became obvi-
ous in the case of Ruacana gage in the Kunene River Basin. This affirmed the conclusions of
Draper & Kundell (2007) who stated that for drawing conclusions on the vulnerability of flow
allocations an accurate and precise knowledge of the hydrological conditions and especially
anthropogenic influences like land use change, dams and withdrawals is needed for data inter-
pretation and usage.

A second point were discharge measurement errors which were assumed to be high due to the
strong seasonality of river flow ranging from over banking during flood season to extreme low
flows at the end of the dry season as well as due to gage maintenance deficits (Pilgrim et al.,
1988).

7.2 Modelling of Stream Flow

7.2.1  Modelling with Gridded Climate Input

In the selected International River Basins modelling on a daily time step with the IHACRES
rainfall-runoff model was unsuccessful. Instead, modelling on a monthly time step with
Hamon’s method and the simple bucket approach was successful with reliable climate and dis-
charge input data as long as the Nash-Sutcliffe efficiencies were considered. In the case of
Tiguibery gage in the Niger River Basin, similar satisfying Nash-Sutcliffe efficiencies as Schuol
et al. (2008) were received. However, for the prediction of the vulnerability of stream flow allo-
cations at least seasonal values and extreme values have to be considered. Schaefli & Gupta
(2007) pointed out that the Nash-Sutcliffe efficiency referencing to the mean flow value is a
poor predictor of model efficiency for discharge regimes with a high seasonality. This was con-
firmed by deviations from monthly low flows of 60 % underestimation up to 350 % overestima-
tion what is not satisfying in regard to water allocation agreements with potential precise thresh-
old values as identified by Draper & Kundell (2007).

The input data quality is the main control on the quality of the modelling results (Arnell, 1999).
The climate input data quality as well as the discharge data quality, especially the unknown
influence of storage systems as in the Kunene River Basin, are assumed to be the main reasons
for this poor modelling results. However, Schuol and Abbaspour (2007) pointed out that in data
scarce regions model runs with generated climate data were superior to model runs using the
few available observed data. Doll et al. (2003) stated that compared to humid basins, semi arid
to arid basins as well as basins with large artificial storage systems were modelled less satisfac-
tory.

Further reasons for the poor seasonal model performance can be the catchment scale compared
to the model scale and the catchment inhomogeneity in regard to precipitation input. However,

previous work by Jakeman et al. (1990) and Jakeman & Hornberger (1993) showed that with
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reliable input data the [HACRES rainfall-runoff model was transferable to a wide range of
catchments sizes and climates. Jakeman et al. (1993) proposed to model each continent's major
basins with the IHACRES rainfall-runoff model and stated that “present limitations are data
rather than knowledge-based” (Jakeman et al., 1993).

An additional point is that the unique hydrological characteristics of semi arid / arid regions as
transmission losses, temporal and seasonal storages and the temporal influence of vegetation
cover (Pilgrim et al., 1988) were not represented in the two model designs.

Considering the Nash-Sutcliffe efficiencies as an indicator for the climate input data quality, the

CRU climate data are superior compared to ERA-40 climate data.

7.2.2 Impact of Climate Input Data on Modelling Result

Rainfall-runoff modelling on a monthly time step illustrated the dissimilarities of the climate
datasets resulting in mean differences of simulated flow up to 43 % for the entire simulation
period. In the Jordan River Basin as well as in the Niger River basin, the precipitation regimes
of the CRU and ERA-40 datasets had the same seasonal progression resulting in the same pro-
gression of mean monthly deviations from observed and modelled stream flow. Compared to
the Jordan River Basin, the deviation extent was almost equal in the Niger River Basin indicat-
ing that discharge measurement errors or anthropogenic storage systems might play an impor-
tant role. The progression of the deviation differences between the time series was not related to
the progression of the mean monthly absolute error in precipitation.

In the case of the Kunene River Basin, different precipitation regimes served as model input.
Their influence was mainly visible in the mean values of river flow during the first half of the
rainy season from October till February. ERA-40 model input underestimated discharge
whereas CRU model input overestimated discharge which was ascribed to the higher amount of
precipitation in the CRU precipitation regime. The shift of the rainfall regime of the ERA-40
climate data was only slightly hinted in the modelled river regime.

As only one basin was modelled on a daily time step applying ERA-40 data, it is not possible to
draw any conclusions on the impact of the climate dataset on the model results because factors
like the reliability of the discharge data have influence, too.

Characteristics of the climate input datasets as the monthly Pearson correlation which is consis-
tent the Jordan River Basin compared to the other basins, were not found to have any influence

on the modelling results.

7.2.3  Optimal Input Data — Model Combination

Regarding the Nash-Sutcliffe efficiencies modelling with Hamon’s method and the simple
bucket model applying CRU climate data was superior compared to ERA-40 data. However, the
mean monthly deviation between observed and modelled river flow showed only minor differ-
ences between the two climate datasets. As there are various factors influencing the model effi-
ciency, like the unknown influence of storage systems, no conclusion about an optimal input
data — model combination can be drawn up till now. More basins have to be modelled to give

adequate information about an optimal input data - model combination. Nevertheless, the results
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showed that modelling on a monthly time step is not yet satisfying and modelling on a daily

time scale is even more challenging.
7.3 Evaluation of the Vulnerability of Stream Flow Allocations

Can we judge the past, present and future vulnerability of stream flow allocations with gridded
climate input data regarding the previous discussed results? As modelling on a monthly time
scale was not able to adequately reproduce the extreme values which may lead to a breach of
treaty, lumped modelling with global gridded climate input data is unsatisfying in regard to the
estimation of the vulnerability of stream flow allocations. In view of the past and present vul-
nerability of flow allocations, observed flow records are superior to modelled flow records.
However, modelling of stream flow would be relevant for the estimation of natural flow, for the
filling of data gaps as well as for the estimation of future stream flow and thus for the evaluation

of the future vulnerability of stream flow allocations.

Nevertheless, comparing mean monthly flow records with the existing treaties the following can
be concluded related to the past vulnerability.

In the case of the Kunene River Basin, a fixed water allocation threshold of 80 m?/s equalling
2.44 mm/month exists (South Africa & Portugal, 1969). This threshold was in the mean under-
cut regarding the observed stream flow in the months of August (2.18 mm/month), September
(1.66 mm/month), October (1.21 mm/month) and November (1.60 mm/month). When model-
ling with CRU climate input this value was undercut in August (1.67 mm/month), September
(0.94 mm/month), October (0.66 mm/month) and November (1.94 mm/month) when modelling
with ERA-40 in the months of August (1.53 mm/month), September (0.88 mm/month), October
(0.63 mm/month) and November (1.33 mm/month), too. Modelling with ERA-40 on a daily
time step resulted in an undercut in August (1.44 mm/month), September (0.71 mm/month),
October (0.47 mm/month) and November (0.73 mm/month) as well and an additional undercut
in December (2.34 mm/month). In general, the threshold was undercut by 43 % of time for the
observed discharge time series and undercut by 36 % (45 %) for modelled discharge with CRU
(ERA-40) and by 49 % applying ERA-40 on a daily time step.

In the Jordan River Basin, flow allocations refer to a flow volume in a defined period. At Obsta-
cle Bridge, mean observed stream flow was 96.4 mm (132.65 MCM) in the summer period (15.
May — 15. October) and 227.5 mm (313.04 MCM) in the winter period. Modelling with CRU
(ERA-40) resulted in mean summer stream flow of 97.8 mm (76.6 mm) and mean winter stream
flow of 213.2 mm (192.3 mm). Due to the imprecise allocation of the water’s of the Jordan
River and a reference point of flow abstraction south of the confluence with the Yarmouk River,
the vulnerability of the water allocation agreement of the Jordan River Basin could not be esti-
mated.

In the Niger River Basin, it was not possible to draw any conclusions on the vulnerability of

stream flow allocations as no treaty for the modelled sub-basin exists.
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7.4 Representativeness of Water Allocation Thresholds

With the applied methodology only conclusions in respect to the third and fourth sharing rule of
Draper & Kundell (2007) could be drawn. The time resolution of the hydrological model as well
as of the analysis had to be considered in the vulnerability estimation of the water allocation
agreement. A further constraint was the existence of a flow record at the particular point of wa-
ter abstraction mentioned in the treaty. In the previous section, the evaluation of the vulnerabil-
ity of stream flow allocations considered only monthly mean values. In the case of the Kunene
River Basin, this resulted in almost similar months of threshold undercut in dependence of the
observed / simulated stream flow time series. However, taking only mean monthly stream flow
values into account might be too inexactly for the formulation of water allocation thresholds.
According to numerous authors (Giordano & Wolf, 2003; Draper & Kundell, 2007; Ansink &
Ruijs, 2008) stream flow quantity as well as stream flow variability have to be represented in a
water allocation agreement. As shown previously, it was difficult to simulate monthly stream
flow with gridded climate data adequately and thus to draw conclusions about the vulnerability
of stream flow allocations.

Compared to fixed threshold values, percentage threshold values of water allocations are always
fulfilled. Ansink & Ruijs (2008) concluded that the stability of a water allocation agreement is
highest for fixed upstream allocation followed by proportional allocation and lowest for fixed
downstream allocation. This progression is not transferable to the evaluation of the vulnerability

of stream flow allocations as fixed amounts were unsatisfied modelled.
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8. Conclusion

The climate precipitation datasets varied considerably in precipitation amount and regime. Their
correlation was neither constant in space nor in time. The discrepancy between the datasets was
ascribed to various causes. To estimate each particular influence, the analysis of additional re-
gions of various climate and data availability is required. The assumed data scarcity of the se-
lected International River Basins was confirmed to some extent.

The non-availability of discharge time series was one of the main challenges in the case study
selection process. Problems arose due to their insufficient length and the unknown influence of
storage systems and land use change which made data interpretation and usage difficult. A fur-
ther constraint in regard to the evaluation of the vulnerability of water allocation agreements
was the existence of a flow record at the particular point of water abstraction mentioned in the
treaty and clear allocation formulations.

Rainfall-runoff modelling on a monthly time step illustrated the dissimilarities of the climate
data sets resulting in mean differences of simulated flow up to 43 %. The simulation of the dis-
charge regime resulted in a mean monthly low flow underestimation up to 60 % and an overes-
timation up to 350 %. Mean monthly peak flows were underestimated up to 40 %. However, the
mean monthly deviation between observed and modelled river flow showed only minor differ-
ences in progression and amount between the two climate datasets.

Modelling on a daily time step was unsuccessful. Therefore no conclusion about an optimal
input data — model combination can be drawn. Considering the Nash-Sutcliffe efficiency as an
indicator for the climate input data quality, the CRU climate data were superior compared to
ERA-40.

As modelling on a monthly time scale was not able to adequately reproduce the extreme values
what may lead to a breach of treaty, lumped modelling with global gridded climate input data is
unsatisfying in regard to the vulnerability estimation of stream flow allocations. However, com-
paring the mean monthly error range gained from modelling with different climate input, with
the existing terms of transboundary water allocation commitments resulted in almost similar
months of threshold undercut. Nevertheless, the consideration of only mean monthly stream

flow values might be too inexactly for the formulation of water allocation thresholds.

The conclusion of this study is that while the mechanisms of water allocation agreements differ
widely, predictions of the vulnerability of stream flow allocations will require accurate models
which depend primarily on reliable input data. Gridded climate input data and the applied hy-
drological method provide unsatisfying results in regard to the vulnerability evaluation of
stream flow allocation agreements in International River Basins. Due to the enhanced vulner-
ability of semi arid to arid regions amplified by climate change, the quantification of the vulner-

ability of water allocation agreements in those regions remains crucial.
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Analysis of Input Data

Table A 1: Summary of Climate Input Data Analysis.
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Figure A 1: Monthly mean absolute error Kunene River Basin.
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Figure A 2: Monthly mean absolute error Upper Niger River Basin.



68

Appendix

monthly mean absolute error [mm]
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Figure A 3: Monthly mean absolute error Jordan River Basin.
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Figure A 4: Annual precipitation CRU - annual precipitation ERA-40 Kunene River Basin.
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Figure A 7: Moving mean absolute error Kunene River Basin.
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Figure A 8: Moving mean absolute error Upper Niger River Basin.
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Figure A 10: Monthly Pearson correlation coefficient r Kunene River Basin.
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Figure A 11: Monthly Pearson correlation coefficient r Upper Niger River Basin.



Appendix 77
longitude 32.5°
1,0
—A— |atitude 30°
0.8 1 —A— latitude 32.5°
—A— latitude 35°
0,6 -
s
> 04
ES]
c
g 02
0,0 A
-0,2
Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul
month
longitude 35.0° longitude 37.5°
1,0 10
0,8 - 0,8 4
0,6 - 0,6
e e
> 044 > 04
= <=
= =
c c
g 02 g 02
0,0 - 0,0 4
-0,2 -0,2 A

T T T T T T T T T T T T

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul

month

T T T T T T T T T T T T

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul

month

Figure A 12: Monthly Pearson correlation coefficient r Jordan River Basin.
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Figure A 13: Moving Pearson correlation coefficient r Kunene River Basin.
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Figure A 14: Moving Pearson correlation coefficient r Upper Niger River Basin.
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Figure A 15: Moving Pearson correlation coefficient r Jordan River Basin.
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Figure A 17: Mean absolute error precipitation (top) and Pearson correlation coefficient r pre-
cipitation Jordan River Basin (bottom) (1958-2001).
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Figure A 18: Mean absolute error air temperature (top) and Pearson correlation coefficient r
air temperature Kunene River Basin (bottom) (1958-2001).
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Figure A 19: Mean absolute error air temperature (top) and Pearson correlation coefficient r
air temperature Upper Niger River Basin (bottom) (1958-2001).
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Analysis of Modelling Results

d with Hamon’s method - simple bucket

Ine

Parameter values & waterbalance obtai

model and ERA-40 data for the Niger and the Kunene River Basin.

Table A 2

river basin
start_cal
end_cal
bias

AET

NS cal
NS_val

D

SPyax
elements_cal
elements val
P [mm]
P_cal [mm]
P_val [mm]
Q, [mm]
Q,_cal [mm]
Q,_val [mm]
Qu [mm]
Q,,_cal [mm]
Q,_val [mm]
at [mm]
at_cal [mm)]
at_val [mm]
pt [mm]
pt_cal [mm]
pt_val [mm]
waterbalance error cal
(%]
waterbalance error val

(%]

Niger
1952
1965
0.4
0.8
0.48
-0.09
1400
280
83
148
20624
4784
15840

9860
4026
5835
13881
3197

10684
5673
1308
4365

22224
7964

14261

Kunene
1962
1978

0.2
0.8
0.17
0.18
400
80
192
247
3998
1786
2212

2326
1048
1278
1772

791

981
2149
932
1218
36086
15433
20654

1.19

0.36
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1962
1978

0.2
0.5
0.17
0.17
600
120
192
247
3998
1786
2212

2326
1048
1278
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945
2215
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1254
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15433
20654

1.19

0.36
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0.2
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0.17
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2212
2326
1048
1278
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1218
36086
15433
20654
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2002

0.2
0.8
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0.19
500
100
216
223
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1873
2124
2326
1076
1250
2001
911

1090
1934
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18247
17839

1.78

0.37
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876
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d with Hamon’s method - simple bucket

Ine

Parameter values & waterbalance obtai

Table A 3

model and ERA-40 data for the Jordan River Basin.
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d with Hamon’s method - simple bucket

Ine

Parameter values & waterbalance obtai

Table A 4

model and CRU data for the Niger River Basin.

river basin
start_cal
end_cal
bias

AET

NS cal

NS val

D

SPuax
elements_cal
elements_val
P [mm]

P cal [mm]
P_val [mm]
Q, [mm]
Q,_cal [mm]
Q,_val [mm]
Qu [mm]
Qp_cal [mm]
Qp_val [mm]
at [mm]
at_cal [mm)]
at_val [mm]
pt [mm]
pt_cal [mm]
pt_val [mm]
waterbalance error cal
(%]
waterbalance error val

(%]

Niger

1952
1965
0.6
0.8
0.82
0.75
300
60
146
148
29840
15727
14113

12952
7117
5835

12679
6861

5818
17025
8745
8280
29026
14378
14648

0.19

-0.94

Niger

1952
1965
0.6
0.5
0.81
0.71
300

60
146
148

29840
15727
14113

12952
7117
5835

10886
5975

4911
18813
9665
9148
29026
14378
146438

0.14

-0.66

Niger

1952
1965
0.6
0.2
0.78
0.46
600

120
146
148
29840
15727
14113

12952
7117
5835
9394
5123

4271
20055
10371

9684
29026
14378
14648

0.86

0.05

Niger

1966
1979
0.6
0.8
0.72
0.61
200

40
137
157

29840
13070
16770

12952
5404
7549

12244
5098
7145

17343
7789
9554

29026

13529
15497

-0.13

Niger

1966
1979
0.6
0.5
0.76
0.69
200

40
137
157

29840
13070
16770

12952
5404
7549

11083
4530

6552
18557

8393
10164
29026
13529
15497

1.10

-0.24

Niger

1966
1979
0.6
0.2
0.68
0.64
200
40
137
157
29840
13070
16770

12952
5404
7549

10990
4510

6480
18673

8426
10247
29026
13529
15497

1.00

Niger

1952
1979
0.6
0.8
0.78
0.66
300

60
284
10
29840
28804
1036
12952
12533
419
12695
12325
370
17017
16482
335
29026

27992
1034

Niger

1952
1979
0.6
0.5
0.78
0.4
200

40
284
10
29840
28804
1036
12952
12533
419
11239
10900
339
18649
18037
613
29026
27992
1034

-0.47

-0.84

Niger

1952
1979
0.6
0.2
0.75
0.65
600
120
284
10
29840
28804
1036
12952
12533
419
9402
9113
288
20076
19481
596
29026
27992
1034

0.47

0.06




Appendix

90

d with Hamon’s method - simple bucket

Ine

Parameter values & waterbalance obtai

Table A5

model and CRU data for the Kunene River Basin.
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Appendix

d with Hamon’s method - simple bucket

Ine

Parameter values & waterbalance obtai

Table A 6

model and CRU data for the Jordan River Basin.

river basin
start_cal
end_cal
bias

AET

NS cal

NS val

D

SPuax
elements_cal
elements_val
P [mm]

P cal [mm]
P_val [mm]
Q, [mm]
Q,_cal [mm]
Q,_val [mm]
Qu [mm]
Qp_cal [mm]
Qp_val [mm]
at [mm]
at_cal [mm)]
at_val [mm]
pt [mm]
pt_cal [mm]
pt_val [mm]
waterbalance error cal
(%]
waterbalance error val

(%]

Jordan

1969
1985

0.9

0.8
0.64
0.67
3400

630
182
216
13130
6122
7009

10718
5361
5357

11085
5167

5918
1578
732
846
30924
13832
17092

0.63

Jordan

1969

1985

0.9

0.5

0.64

0.67

5200

1040
182
216

13130

6122

7009

10718
5361
5357

11023
5138

5885
1641
762
879
30924
13832
17092

0.63

Jordan
1969
1985

0.9
0.2
0.604
0.67
13000
2600
182
216
13130
6122
7009
10718
5361
5357
11023
5138
5885
1641
762
879
30924
13832
17092

0.63

0.80

Jordan

1986
2002

0.9

0.8
0.73
0.63
2000

400
192
206
13130
6200
6930

10718
4804
5914

10249
4836

5413
2452
1152
1300
30924
15167
15757

0.56

Jordan
1986
2002

0.9
0.5
0.73
0.63
3200
640
192
206
13130
6200
6930

10718
4804
5914

10249
4836

5413
2452
1152
1300
30924
15167
15757

0.93

0.56

Jordan
1986
2002
0.9
0.2
0.73
0.63
8000
1600
192
206
13130
6200
6930

10718
4804
5914

10249
4836
5413
2452
1152
1300

30924

15167

15757

0.93

0.56

Jordan

1969

2002

0.9

0.8

O

-0.9

2400

430
386
12
1310
12669
461

10718
10468

250
10505
10398

107
2102
2076

27
30924
29937

987

Jordan

1969

2002

0.9

0.5

0.7

-0.9

4000

800
386
12
1310
12669
461

10718
10468
250
10574
10466
108
2033
2007
26
30924

29937
987

Jordan

1969

2002

0.9

0.2

0.7

-0.9

9600

1920
386
12
1310
12669
461

10718
10468

250
10505
10398

107
2102
2076

27
30924
29937

987
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Kunene - Ruacana
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Figure A 22: Flow duration curves of observed and modelled daily stream flow of the Kunene
River.
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Figure A 23: Flow duration curves of observed and modelled monthly stream flow.
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